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ABSTRACT OF DISSERTATION

SIAH-MEDIATED UPS REGULATION OF THE DEVELOPMENT OF THE VISUAL SYSTEM IN
ZEBRAFISH (DANIO RERIO)
The eye is a complex organ responsible for vision that which formation depends
on several intricate developmental steps. Vision for humans is responsible for the
majority of its sensory interactions with the environment. Eye development can be
divided into two critical stages: morphogenesis, which establishes the eye structure
culminating with the fusion of the optic fissure, a transient cleft important for eye
vascularization, and subsequently specification and differentiation of the retina to form
every type of retinal neuronal cell, including photoreceptors, rods and cones.
Developmental failure in either of these critical stages can lead to inherited congenital or
age-related blinding disorders. Thus, understanding the proper mechanism for eye
development is crucial to help avoid social and cognitive impairments commonly
associated with visual loss, especially in the most economically challenged parts of the
world. The regulation of morphogenesis and retinal formation has been vigorously
investigated at the transcriptional level, but little effort has been placed on potential posttranslational regulatory mechanisms. The ubiquitin mediated proteasome degradation
system plays an important role in regulating protein function in many different
developmental stages. The siah family of ubiquitin E3 ligases are homologues to
Drosophila Seven In Absentia (SINA), and also known regulators of drosophila
photoreceptor development. In order to determine whether Siah mediated ubiquitintargeting plays a role in vertebrate eye morphogenesis and retinal differentiation, the
zebrafish proteome was screened for siah degron motifs and identified 2 potential targets
related to eye development, Nlz2 and Cdhr1a. The first is a zinc-finger transcription factor,
responsible for negatively regulating Pax2 gene expression, a master regulator of the
optic fissure closure. The second, is a photoreceptor’ specific cadherin, known to be
associated with cone-rod dystrophies. My dissertation has focused on examining Siahmediated regulation of these two targets during critical stages of eye development. In
Chapter 3 I outline how modulation of Siah activity leads to failure of optic fissure fusion
dependent on ubiquitin-mediated proteasomal degradation of Nlz2, outlining a novel,
UPS-mediated degradation regulatory pathway involved in optic fissure fusion. In Chapter

4 I provide the first evidence that Cdhr1a is involved in photoreceptor development and
that Siah1 is responsible for regulating its protein stability via the UPS. My findings
provide new avenues for investigation of the pathogenesis of inherited cone-rod
dystrophies. Overall, my work outlines new pathways involved in posttranslational
mechanisms of vertebrate retinal development and strengthens efforts to improve our
understanding of the predisposition and pathogenesis of Coloboma and inherited conerod dystrophy.
KEYWORDS: Eye development, UPS, SIAH, zebrafish, optic fissure fusion
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CHAPTER 1.
1.1

INTRODUCTION

Vertebrate eye specification
The vertebrate eye is a complex organ with highly stratified tissues. In vertebrate

organisms, including humans, vision is a crucial sensory system and its loss can negatively
affect the survival and fitness of the organism. Its development relies upon organized
process and pathways that happen during early stages of development. Mutations in
these pathways can lead to severe alterations easily distinguishable since the eye is so
prominently positioned in the head1.
The first step to initiate the development of the visual system is the specification
of the eye field, usually in a front-central area of the developing forebrain1–4. Failure of
this process leads to the eyeless phenotype. Several studies have tried to pinpoint the
neural inductor molecular mechanism directing eye field specification in vertebrates.
These attempts have characterized several signaling molecules, such as antagonists of the
bone morphogenetic protein (BMP) signaling5–8, involved in Wnt (vertebrate Wingless
homologs) signaling5,6,8–11, included in the IGF7,12–14 or in the planar cell polarity (PCP)15–
17

pathways.
In Xenopus, misexpression of the Wnt receptor Frizzled 3 during gastrulation

results in ectopic eye formation. In zebrafish, a combinatorial antagonism of the canonical
and non-canonical Wnt signaling seems to play a role in eye field specification18. Graded
Wnt signaling is responsible for anterior-posterior polarity in the developing nervous
system19–21 and could potentially also act as an eye inductor, since Wnt mutants have
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absent eyes22. In mouse, the twisted gastrulation (Tsg) is a secreted protein that regulate
Bmp signaling within a complex. Tsg-/- ;Bmp4+/- embryos mice develops
holoprosencephaly and anophthalmia23. Additionally, Bmp4 misexpression in Xenopus as
well as Bmp7 mice mutants also develop anophthalmia24–26.
In regards to IGF signaling, in Xenopus, injection of a dominant negative of IGF
led to a complete loss of eyes, while IGF-1 or IGF-2 overexpression led to the formation
of ectopic eyes13. This regulation of the eye field specification by the IGF signaling was
determined to be regulated by the B56ε regulatory subunit of protein phosphatase 2A
(PP2A:B56ε)27. PP2A:B56ε directly regulates PI3K/Akt signaling downstream of IGF and
overexpression of PP2A:B56ε led to failure in the eye formation with increased levels of
Akt phosphorylated27. Moreover, in zebrafish IGF loss-of-function by microinjection of a
dominant negative IGF-1R resulted in absent eyes12. Finally, in Xenopus gain and loss-offunction experiments have determined Dishevelled association with ephrinB1 in order to
signal with downstream members of the PCP pathway to promote eye field formation15.
While clearly Bmp, Wnt, IGF and PCP signaling play a role in this process, the exact
mechanism of eye field induction remains unknown and likely involves a very complex
mechanism with multiple components3,4.
As mentioned above, results suggest that eye specification is mediated by a
progressive series of inductions.

The main goal of the induction mechanism is a

coordinated activation of the eye field transcription factors (EFTF), which are necessary
and sufficient for eye specification. Several genes have been included in this group such
as; ET/Tbx3, Rx, Pax6, Six3, Lhx2, Tlx and Optx2/Six6. Corroborating their roles in this
2

process, loss-of-function of these genes leads to microphthalmia or absent eyes28–30,
while their overexpression can lead to ectopic eye formation31–33.
Prior to eye field specification, the presumptive forebrain needs to be specified
and two important transcription factors, noggin and Otx2, play a role in this process31.
Noggin is a transcription factor released by the notochord early in neural induction and it
functions to inhibit several BMP proteins34 by binding35,36 and preventing their interaction
with the receptor as well as indirectly inhibiting BMP ligand transcription37,38. Otx2 is a
member of the orthodenticle-related family of transcription factors and is expressed later
during forebrain specification3. Their coordinated action in the forebrain is key to the
activation of EFTFs. Initially, noggin inhibits the expression of ET/Tbx3, however as
forebrain specification proceeds, Otx2 induces ET/Tbx3 expression by blocking noggin
which ultimately leads to eye field specification31 (Figure 1.1). ET/Tbx3 activation, triggers
a hierarchal cascade of inducing the expression of other EFTFs (Figure 1.1). Interestingly,
of all EFTF ET/Tbx3 have the most restricted and early expression31. Additionally, different
from other EFTFs, misexpression of ET/Tbx3 does not have the ability to create ectopic
eyes or increase the size of the eye field. However, recent studies have demonstrated
ET/Tbx3’s BMP repressor activity is required for proper eye field patterning and
maintenance of eye field cells multipotent state39 allowing the cells of the eye field to
respond to local cues and determine their fate39. Moreover, knockout of ET/Tbx3 leads to
an increase in cell death resulting in abnormal eyes39. ET/Tbx3 induces the expression of
Rx, which in turn activates a cross regulatory network involving Lhx2, Tlx, Pax6 and Six3
(Figure 1.1). Rx (retina and anterior neural homeobox) is first expressed in the anterior
3

neural plate, progressing strongly to the eye field, optic cup and finally in the neural retina
(NR)3,31. Rx is described to play an important role in regulating the initial steps of retinal
specification as well as proliferation3,40. In zebrafish, misexpression of Rx leads to increase
eye field extension into the forebrain41, and in Xenopus, an increase in NR proliferation
and ectopic retinal pigmented epithelium (RPE) formation28. Additionally, loss-of-function
mutations of Rx in mouse lead to optic cup absent and consequent no eye formation28,40,
in zebrafish, in the chockh mutant, a mutation in Rx3 cause eyeless phenotype40,42 and in
humans, mutations in Rx leads to anophthalmia40.
Late stage eye field specification requires expression of Six3 (member of the
Six/sine oculis family) and Optx2 (optic Six gene 2) 43 (Figure 1.1). Both have expression
highly associated with head structures including the eye field but Optx2 differs from Six3
for having its expression more restricted to the eye field and later than Six343,44. Six3 and
Optx2 expression is located anteriorly in the eye field45. Additionally, both are responsible
for the specification and proliferation of the eye field44. Six3 gain-of-function experiments
in Xenopus46 and in medaka fish33 resulted in the enlargement of the eye primordium as
well as the appearance of ectopic eyes. In a very similar way, Optx2 overexpression also
creates enlargement of the eyes, however it can also transdifferentiate RPE cells into
retinal neuroblasts31,43,44. In humans, loss-of-functions mutations of OPTX2 leads to
failure in eye development as well as pituitary gland loss47. In medaka29, loss-of-functions
experiments have implicated Six3 in patterning of eye field, while in humans, mutations
of SIX3 are associated with holoprosencephaly type II48–51. Lastly, double knockout of Six3
and Six6 negatively affect maintenance of pluripotency in NR progenitors52.
4

Eye field specification culminates with Pax6 (Paired box 6) inducing expression of
Optx2 31 (Figure 1.1). Pax6 is first expressed in the anterior neural plate and later in the
dorsal distal portion of the optic cup and lens ectoderm3,31,53,54. After completion of eye
field specification, Pax6 is expressed throughout the optic cup and also in the ganglion
cells (GC) and amacrine cells (AC) in the differentiating neural retina (NR)55,56. Pax6
functions in a dose-dependent manner57 precisely balanced by a post-translational
modification dependent on Shh signaling. An E3 ubiquitin ligase, Mid1, activated by the
Shh signaling, is responsible for regulating precise levels of Pax6 as well as controlling its
expression boundaries later in the optic cup (discussed later in detail). Pax6 loss-offunction mutations in mice58 and rats59 lead to small eye phenotype and aniridia in
humans60,61, while mice that contained multiple copies of Pax6 develop a wide range of
eye abnormalities ranging from reduction of corneal size, microphthalmia up to complete
loss of the eye57. Additionally, misexpression of mice62, squid63 or ascidian64 Pax6 mRNA
in Drosophila or Xenopus leads to ectopic eye formation

32

indicating a high level of

evolutionary conservancy for Pax6 function.
Together, it is clear that EFTF genes play important roles during eye field
specification. However, the molecular mechanism is still an incomplete picture with a lot
of missing points. The neural induction process is likely a multi-step process followed by
a coordinated activation of the EFTFs which activates a long cross regulatory network
culminating with eye specification.

5

Figure 1. 1. Eye specification. Adapted from65.
1.2

Splitting the eye field
In Vertebrates, after the specification, the eye field will split to form two bilateral

presumptive eyes. This event will happen slightly after the formation of the midline1. In
these processes, the prechordal mesoderm is a region of extreme importance. During this
splitting, the expression of previously stated two EFTFs, Pax6 and ET/Tbx3 are expressed
in a broad domain in the dorsal/anterior midline, however, during the splitting of the eye
field, the expression of these genes in the midline decrease, forming two distinct domains,
the presumptive eyes3. However, the removal of the prechordal mesoderm in embryos
results in midline persistent expression of Pax6 and ET/Tbx366,67.
During this process, the activation of the expression of two genes, Six3 and Sonic
hedgehog (Shh), is critical1. In this context, Six3 is critical for two reasons, to protect the
anterior neural ectoderm and eye field from posteriorizing Wnt activity and to regulate

6

Shh expression in the midline1,8,68. Not surprisingly, Six3 mutations increase Wnt1
expression and lead to holoprosencephaly and cyclopia29,49,69.
Additionally, mutations in Shh70, Smoothened (Smo)71 or Dispatched72, embryos
treated with a hedgehog (Hh) inhibitor, Cyclopamine73, as well as humans patients with
reduced Hh signaling74,75 have failure in the establishment of the midline and in the
splitting of the eye field, resulting in holoprosencephaly and cyclopia. This signaling
pathway is thought to be involved in eye development in two distinct ways76. First, in an
earlier role, Shh is express in the midline and is responsible for the regulation of splitting
the eye field corroborated by the cyclopic phenotype upon its knockout. Later, on its
second role, it will be responsible for the ventral patterning of the optic vesicle (discussed
later)76.
The process of bilateralization of the eye fields share some similarities with the
eye induction. The control of Hh in the splitting of the eye fields is also regulated by the
PP2A:B56ε mentioned above27. In Xenopus, gain and loss-of-function experiments for
PP2A:B56ε led to the development of cyclopic eye as well as severe changes in the
expression of genes involved in the Hh pathway, such as, shh, ptch1, ptch2 ultimately
affecting the expression of Rx gene27. Moreover, since Shh overexpression was not
sufficient to rescue the phenotype created by depletion of PP2A:B56ε, only by
overexpression of a constitutively active Gli, PP2A:B56ε has been implicated in regulating
Hh signaling pathway in the level of Gli phosphorylation27.
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Another signaling also involved in the process of formation of two eye fields is
the TGF-b. Zebrafish cyclops (Cyc) gene encodes a secreted Nodal-related member of
TGF-b signaling which is expressed early in the dorsal mesoderm and progresses to the
prechordal mesoderm77,78. It is hypothesized that secreted Cyc force the neural tissue to
adopt ventral fate and to split the eye field77,78. Cyc mutants fail to develop medial
floorplate, ventral forebrain and develop cyclopia due to defects in the splitting of eye
field1. Nonetheless, Cyc receptor has not been described, many candidates have been
hypothesized to participate in this pathway.
One candidate of Cyc receptor with strong evidence is the one-eyed pinhead
(Oep). Oep is a membrane bound receptor member of the EGF family and is express
initially in the ventral mesoderm progressing to the prechordal mesoderm. Mutations in
Oep results in failure of prechordal mesoderm development and cyclopia, highlighting its
critical function in the regulation of the splitting of eye field. Moreover, misexpression of
downstream Cyc/Nodal genes can rescue Oep mutants’ effects.
Additionally, Cyc is also known to regulate a previously mentioned pathway
signaling that plays a role in the bilateralization of the eye field, the Hh signaling. Cyc is
known to directly up-regulate Shh expression in the ventral neuroectoderm by binding to
an enhancer upstream of Shh gene during chick visual system development79. However,
Cyc might not be the only source of Shh in the ventral neuroectoderm since mutations in
genes, such as Brain factor 1 (BF-1), also cause extreme dorsalization of the eye with
absent Shh expression76.
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In summary, the bilateralization of the eye field is a process that depends on
ventralizing signals, such as Cyc and Six3, coming from the prechordal mesoderm. They
will activate the expression of Hh signaling to split the eye field into two identical lateral
eye fields and inhibit expression of EFTFs, Pax6 and ET/Tbx3, in the midline restricting
their expression to the eye fields.

1.3

Evagination of the optic vesicle
After the division of two bilateral eye fields, the optic vesicle (OV) will be formed

by evagination of the eye fields ventrally from the forebrain in the direction of the
overlaying surface ectoderm. In zebrafish the evagination process is hypothesized to be
guided by a neuroectodermal midline signal that promotes a lateral migration of laterally
located Rx positive retinal progenitor cells (RPC). 4 When the migratory cells arrive at the
midline, they behave in a biphasic way, first diving ventrally, then migrating laterally in
the direction of the evaginating optic vesicle, serving as a driving force for the
evagination4,80. The necessity of Rx activity in this process is asserted by the fact that
mutations in this gene in humans and fish lead to anophthalmia with RPC initially
migrating to the midline, missing the target and eventually dying28,42,81–83.
Rx is necessary to control the expression of two critical genes, nlcam and
cxcr4a84,85. Nlcam is a cell adhesion molecule while cxcr4a encodes a chemokine signaling
receptor. The lack of Rx activation of these two genes impacts the precise migratory
process that the RPC need to maintain in order to reach the correct target location and
create the OV84,85. Additionally, to guarantee a successful evagination of the optic vesicle,
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Rx also regulates the coordinated expression of Ephs and Ephrins in between different
regions of the forebrain9. This expression promotes the segregation of the eye vesicle
apart from the other regions. Ephs/Ephrins interactions have been implicated in
governing repulsive or adhesive effects in between ligands and receptors86–88. However,
the eye vesicle itself does not express Ephs. Thus, Ephrins have been hypothesized to be
critical for cell adhesion in the optic vesicle. In Xenopus, Fgf signaling has been previously
implicated in regulating ephrin (Efnb1) expression in the anterior edge of the eye field to
control adhesion of the tissue17. Additionally, it has been also hypothesized that Wnt11
and ephrins might functionally interact to control cell cohesion in the eye field15,89.
In summary, the evagination of the optic vesicle depends upon the migratory
movement of cells within the lateral regions of the eye field. Mechanistically, this involves
a combinatorial segregation of the regions of the forebrain allied to adhesion/cohesion
properties of the optic vesicle all regulated by Rx activity. Ephs/Ephrins and cxcr4 can
regulate the state of the cytoskeleton by changes in RhoGTPases activity90,91 thus
changing cell-cell or cell-matrix interactions92,93. Ultimately, Rx functions to ensure
region-specific migratory behaviors as well as the coherence in the cells of the optic
vesicle to facilitate its evagination.

1.4

Lens specification and development
At the end of the evagination of the optic vesicle previously described, the optic

vesicle will interact with overlaying ectoderm. The region of contact in the ectoderm will
then be specified as the lens placode. This lens placode is represented by a thickening of
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the ectoderm and sequential invagination of the placode forming the lens cup (or pit)1.
Next, the lens cup will close creating the lens vesicle. A transient structure, the lens stalk,
will form and keep the lens vesicle in contact with the overlaying ectoderm. The lens
vesicle will then detach from the surface ectoderm and generate an almost spherical
structure.
The cells in the posterior part of the lens vesicle will elongate in the direction of
the anterior side, filling the entire lens1. These elongated cells are called primary lens fiber
cells. The cells in the anterior side will remain epithelial cells. Then, mitotically active cells
located in the lens epithelium move to the equatorial region of the lens vesicle elongating
and differentiating into secondary lens fibers. The secondary fibers will make concentric
layers around the primary fibers in the lens nucleus1. A continuous movement of cells
from the equatorial region to the cortex of the lens forming new secondary fibers are
going to grow the size of the lens. Primary and secondary lens fiber cells will lose their
organelles when they move from outer to inner cortex, differentiating1,94. In the anterior
side, epithelial cells will retain their pluripotent state, being the only source of mitotically
active cells in the lens. The final step in the lens formation is the accumulation of structure
proteins in the fiber cells such as crystallins (a,b,g ,d, µ and z), transmembrane proteins
(MP19, MIP26 and connexins), collagens and cytoskeletal and filament proteins.
Several signaling pathways have been implicated in regulating different aspects
of lens development. FGF signaling is highly implicated in lens specification and
differentiation. However, no FGF ligand was directly implicated in the regulation of lens
development95. Since there are more then 20 different ligands, several of them have been
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shown to be expressed in the presumptive lens and double mice mutants of FGF 1and 2
show no affect in the eye development96.
The study of the effects of FGF signaling have been done by using its receptor
proteins. During development, the lens expresses all four FGF receptors1. Conditional
knockout of Fgfr2 showed that FGF signaling is necessary to remove the fiber cells from
the cell cycle97. Additionally, triple mice knockouts (Fgfr1, Fgfr2 and Fgfr3) in early lens
development have shown the development of several phenotypes, such as, an increase
in apoptosis, reduced expression of cell cycle inhibitors as well as abnormal proliferation
and elongation98. Moreover, it showed a higher importance of Fgfr2 and Fgfr3, since the
introduction of a single copy of one can regulate normal lens development98. Using
neonatal rat lens cultures, MacAvoy and Chamberlain99 have previously demonstrated
that proliferation, cell migration and fiber differentiation in the cells of the lenses are
stimulated by different concentrations of Fgf2 making the FGF signaling the key regulator
for lens development.
Another signaling important in the regulation aspects lens development is the
Wnt signaling1,100. For normal early lens morphogenesis, the inhibition of the canonical
Wnt signaling is critical101,102. It has been previously reported in mouse, Pygopus2 (Pygo2)
gene is the critical for lens development103. Pygo2 was previously associated in the Wnt
signaling104, but in lens development its activity is Wnt-independent103. Pygo2 mice
conditional knockout in the lens placode suppresses lens formation, while germline
knockout creates microphthalmia103. Pygo2 is necessary to activates Pax6 gene
expression in lens101,102. Moreover, Pax6 activation is key to inhibit b-catenin-mediated
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Wnt signaling in lens and retina102. In fact, Wnt signaling in the nasal ectoderm inhibits
lens fate. b-catenin conditional knockout in lens and retina does not suppress lens
development but create abnormal morphogenesis of the lens101. This phenotype is
probably due to problems in cytoskeletal stability function of b-catenin. By contrast, in
tissues where b-catenin is normally active105, such as the nasal ectoderm, its knockout
stimulates lens bodies formation101,106. In these tissues, migrating neural crest cells inhibit
lens formation by the activation of Wnt signaling-dependent107. Additionally,
overactivation of b-catenin in lens and retina, abrogates lens development106.
Finally, Bmp signaling is also essential for lens development1. Lens cells express
both Bmp receptors type I, activin receptor type-1 (Acvr1) and bone morphogenetic
receptor type-1 (Bmpr1)1. Only when both receptors were deleted from the lens placode,
lens thickening, lens invagination were abrogated generating eye without lens108. One
Bmp signaling ligand, Bmp4, is expressed in both surface ectoderm and the optic vesicle,
however as lens placode development proceeds it becomes restricted to the optic
vesicle1,109. Bmp4 signaling from the optic vesicle activates the expression of Sox2, an
important transcription factor for lens induction, in the prospective lens placode109. Mice
germline deletion of Bmp4 prevents lens formation109.
Another Bmp signaling important ligand for lens development is Bmp7. Bmp7 is
express in the lens placode and functions predominantly in lens induction through Pax6
activation110. Pax6 is essential for lens placode induction as well as lens formation111.
Germline Bmp7 knockout also abrogates lens formation110. Moreover, in humans, PAX6
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mutations are manly associated with aniridia, however in some cases, it has been
associated with cataracts1,112.
Apart from the Bmp signaling, Pax6 and Sox2 expression in the lens placode is
also regulated by an EFTF, the Six3. Six3 expression in the presumptive lens ectoderm
precedes both transcription factors113. Additionally, Six3 is able to target their lens
enhancers directly113. When misplaced, Six3 is capable of inducing lens ectopically114.
Moreover, Six3 mice conditional knockout in the lens create abnormal lens development
in a range of severity depending on how early in lens development the KO was made113.
During lens development, Pax6 activity is critical for activating the expression of
several transcription factors for the formation of the lens, such as, FoxE3, Maf, Mitf, Lhx2
and Pitx3. Three of them have their function described in the literature in detail, FoxE3,
Pitx3 and Lhx2. Pitx3 expression starts in the lens vesicle and proceeds restricted in the
anterior lens epithelium. It is a critical gene during the transient stalk period of lens
development and mice mutations of Pitx3 lack lenses and pupil. FoxE3 is expressed in the
lens vesicle when is detaching from the surface ectoderm115. In mouse, the dyl (dysgenic
lenses) mutant has a mutation in FoxE3115. In this mutant, lens cells fail to proliferate and
start differentiation too early, eventually dying115. Showing that FoxE3 is an essential
factor for proliferation and survival and prevention of early differentiation of the lens
cells115. Finally, Lhx2 (LIM homeobox protein 2) expression in the lens ectoderm is
activated by a paracrine activity of the Bmp signaling from the optic vesicle. Lhx2 is
required for lens formation116. In mouse knockout for Lhx2, eye development is blocked
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prior to the formation of the optic cup and lens ectoderm due to a failure in the initiation
of lens-inducing determinants116.
In conclusion, the development of the lens involves a series of cell elongation,
proliferation and differentiation in order to create an almost spherical extremely
specialized organ. In this process, several different signaling pathways, such as, Bmp, Wnt
and FGF are involved in the tight control of the activation of specific transcription factor.
The optic vesicle plays a critical role in order to supply paracrinally these extrinsic signals
to the lens formation.

1.5

Optic vesicle patterning
Concomitantly with the evagination of the optic vesicle specification of the lens,

the optic vesicle will establish its dorsal/ventral, distal/proximal and nasal/temporal
patterning. In these processes, the Shh and BMP signaling emerge as a necessary and
mutually inhibiting signaling axis involved in axial patterning4.
Dorsal-ventral (DV) patterning begins when Shh, coming from the midline, will
establish the ventral identity in the optic vesicle, by activating the expression of the
ventral anterior homeobox 1 (Vax1) and the ventral anterior homeobox 2 (Vax2) in the
regions of the presumptive optic stalk (OS) and ventral boundary of NR3,117,118. Vax1
expression is restricted to the OS while Vax2 is also expressed in the ventral boundary of
the NR119–121. Shh overexpression expands the expression of both Vax genes into the
dorsal domain of the OV, while in the absence of Shh signaling, the expression of the Vax
genes fails to occur. Additionally, Vax1 knockout mice develop axonal pathfinding defects
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as well as coloboma120 and Vax2 mice mutants show RGC dorsalized projections121.
Vax1/2 double mutants develop a severe dorsalization of the OV, where the ventral OS
turns into NR and starts expressing Pax6, a dorsal/distal marker119.
Recent findings have implicated an unexpected role of primary cilia during the
patterning of the OC122. Mutations in mouse gene Arl13b, known to regulate ciliogenesis,
leads to disruption of the OV patterning with expansion of the ventral fate. In these mice
mutants, the final orientation of the OC is inverted and the and the lens end up being
surrounded by the RPE122. These phenotypes are consequences of mis-regulation of the
Shh signaling in this mutant and deletion of Gli2, a downstream effector of Shh, can rescue
this phenotype122.
Dorsal patterning relies on Bmp signaling 4. Bmp4 induces the expression of Tbx5
to establish the dorsal domain of the OV123,124. Increased Bmp4 signaling, expands the
expression of Tbx5 into the ventral domain of the OV and decreases Vax domains123,124.
In a similar fashion, Tbx5 misexpression in the ventral domain inhibits Vax expression and
creates aberrant RGC projections123. These domains are maintained by a mutual
inhibitory effect of the Shh and BMP signaling.
Additional to its role in the DV pattering, the Shh signaling also plays an important
part in the distal-proximal (DP) patterning of the OV4. Shh is responsible for the
establishment of two distinct domains controlled by two different transcription factors
Pax6 and Pax23,54,56,125,126. Pax6 is express distally in the NR, while Pax2 is express
proximally in the OS54,56,125,126. The boundary between Pax6/Pax2 is maintained by their
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mutual inhibition127. Pax6 and Pax2 can bind to their counterpart regulatory elements and
inhibit their expression. While mouse Pax6 mutants have dorsal expression of Pax2, Pax2
mutants show a ventral expression of Pax6127. Additionally, Pax2 mutations in humans128,
mice129 and zebrafish130,131 have been implicated in the development of proximal defects
such as Coloboma, an optic fissure closure defect which can lead to blindness (discussed
later).
Additional to the mutual transcriptional inhibitory control of Pax2/6, Hh signaling
is also responsible for their regulation in a post-translational level using two different
ubiquitin-proteasome system (UPS) pathways. Shh activates the expression of Mid1 E3
ubiquitin ligases, which, in turn, drives Pax6 protein degradation by the proteasome in
the region of the OS132. Misexpression of Shh in the forming eye increased the expression
of Mid1 and Pax2, restricting Pax6 expression. At the same time, as recently described in
our lab, Shh activates the expression of the Siah E3 ubiquitin ligases in the OV. Its
activation targets Nlz2, a transcription factor, inhibitor of Pax2 gene expression, to
proteasomal degradation, allowing for proper expression of Pax2 in the OS133 (discussed
later in details).
Lastly, in order to create the nasal/temporal (NP) pattering, the OV relies on a
balance between ventral Shh signaling as well as dorsal FGF signaling from the forebrain
and ectoderm 134. FGF ligands, such as FGF3, FGF8 and FGF24 expressed dorsally activate
the expression of the forkhead box G1 (foxg1), giving nasal identity to part of the dorsal
OV135,136. Foxg1 promotes proliferation and activation of nasal identity in several species
such as, mouse, chick, frog and zebrafish76,135,137–139. Ablation of FGF signaling during OV
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patterning fails to activate foxg1 expression, conversely ectopically activation of the FGF
signaling can expand foxg1 expression domain135,136. Conversely, Shh activity from the
ventral OV activates the expression of forkhead Box D1 (foxd1) to initiate temporal
activity in a part of the ventral OV134. Downregulation of Shh signaling results in loss of
foxd1 expression while ectopic Shh signaling activates foxd1 and represses foxg1 in the
dorsal OV134.
Taken together, the establishment of the dorsal/ventral, distal/proximal and
nasal/temporal patterning in the OV will happen concomitantly with the evagination of
the OV. In the precise balance of several morphogen signaling pathways such as, Hh, BMP
and FGF. This patterning will be critical for proper migratory movements of axonal
projections as well as the correct eye diagram for image processing.

1.6

From optic vesicle to optic cup
As previously discussed, after the eye field is divided, they evaginate forming the

optic vesicle and coming into contact with the overlaying ectoderm. The interaction
between these two tissues creates a highly interactive communicative system which
stimulates the specification of the lens with a thickening of the surface ectoderm, the lens
placode. Concomitantly to this process, the optic vesicle suffers a series of complex
movements starting with elongation right after the end of evagination, following a
rotation and finally the invagination.
These movements create a constriction in the OS and the formation of the stalk
furrow as well as the invagination of the OV to form the optic cup (OC). These processes
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are crucial steps in the formation of several parts of the eye such as, iris, the retina, the
optic stalk as well as the presumptive optic nerve. The fact that several different signaling
pathways are active in each of these different regions to establish their specific
developmental outcome makes very difficult to individualize the responsible for the optic
cup formation, despite this difficulty some signaling pathways have been identified.
One key signaling pathway involved in the optic cup formation is retinoic acid
(RA) signaling. Temporal periocular mesenchyme cells in close contact with optic vesicle
generate paracrine RA signals generated by aldehyde dehydrogenase family 1, subfamily
A2; (Aldh1a2) to stimulate OV invagination and OC formation140,141. In fact, mouse
Aldh1a2 mutants fail to generate RA and consequently fail to invaginate the OC142.
Another gene involved in the generation of the optic cup is Lhx2. As previously
mentioned, mouse Lhx2 knockouts develop anophthalmia and eye development arrests
prior to when the OV transitions to OC30,116,143. In these arrested vesicles, the DV
patterning is also compromised as Tbx5 and Vax2 fail to be activated as well as a failure
in the activation of BMP signaling in the dorsal region30,116,143. Lhx2 acts autocrine in the
OV and paracrine to the lens ectoderm, regulating Bmp signals, such as Bmp4 and Bmp7,
to coordinate multiple pathways in OC formation and patterning116.
Finally, another crucial component that regulates the morphogenetic
movements involved in formation of the OC is the extracellular matrix (ECM) component
laminin144. OC is surrounded by a glycoprotein-rich layer during morphogenesis
containing laminin, fibronectin, and collagen. As previously stated, laminin serves as an
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adhesive substrate144, can impact cell survival145,146, can also regulate migration and
maintain cell polarity147,148. Specifically, to OC formation, laminin is necessary to promote
focal adhesion during OS furrow constriction as well as negatively regulate focal adhesion
during OC invagination144. During invagination, laminin downregulation of focal adhesion
limits the stiffness and increase the order in the assembly of collagen and fibronectin
networks. Lastly, laminin is also critical to give the epithelial polarity to the cells of the
OC144.
Laminin is not the only ECM component regulating OC formation. In a recent
publication, Bryan and collaborators unraveled a new role for another ECM component,
called nidogen149. Migratory neural crest cells (NCC) are responsible for coordinating the
rim movements to form the two layers of the OC, neural retina (NR) and retinal pigmented
epithelium (RPE)150. This rim movement occurs during invagination, in which a group of
cells from the midline of the OV migrate around the rim of the OV and form the NR, the
cells remaining in the medial will get flattened to form the RPE150. In the absence of NCC
by mutation in tfap2a and foxd3, NCC genetic markers, the rim movements fail to occur
and the ECM around the eye is disrupted, especially around the RPE149. They defined that
the NCC around the RPE are necessary produce nidogen, and nidogen disruption by the
loss of NCC, by the expression of a dominant-negative form of Nid1a or by nidogen
CRISPR/Cas9 mutagenesis impairs OC morphogenesis, restored by nidogen expression149.
In summary, OC morphogenesis involves several cell movements to shape and
then invaginate the OV creating the OC. Guiding these processes, autocrine and paracrine
RA signaling and the activity of Lhx2 are critical. Additionally, the function of components
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of the extracellular matrix such as laminin and nidogen are also necessary to establish cell
polarity as well as regulate the stiffness and stability of the tissue during the movements.

1.7

Optic cup morphogenesis: optic fissure formation, apposition and fusion
During the process of optic cup formation, morphogenetic movements create a

transient opening within the ventral midline of the OS and OC. This cleft is called optic
fissure (OF). It allows vasculature to enter the OC and the optic nerve to exit the eye151–
153

. After a short period, the OF closes to form a uniform OC154 (Figure 1.2). Failures in this

process often leads to the development of a defect called Coloboma. It accounts for
approximately 10% of all pediatric blindness and only approximately 20% of the causative
genetic mutations have been described154–157. The severity of the Coloboma depends on
the extent of the defect in the closure process, potentially affecting lens, iris, ciliary body,
retina, RPE and optic nerve151,152,156,158–160.
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Figure 1. 2. Morphogenesis of the vertebrate eye.
The OF is formed concomitantly to the formation of the lens and the invagination
of the OC24,25,110,161. After contact is made with the overlaying ectoderm and the
specification of the lens starts, the OC starts to invaginate and in this process the ventral
midline edges in the medial-proximal OC grow towards each other and become
juxtaposed forming the OF folds154 (Figure 1.2). The OF extends from the ventral midline
of the OC dorsally towards the lens and caudally towards the OS154. Despite the fact that
the invagination and lens-related events are likely to play a role in the OF formation, it is
yet unclear how these processes are related156,157,162. In organoids, the ventral midline
invagination is able to occur even in the absence of lens showing that the invagination
process and might be regulated by intrinsic factors to the OC, such as Pax2, Vax1 and
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Vax2163–167. These intrinsic factors are likely to be responsible for the OF formation in
response to extrinsic secreted signals, such as Bmps, Wnt, Hippo, Shh, TGF-b, FGFs and
RA signaling117,168–171.
During the process of OF formation, dynamic tissue rearranging is required to
assemble the fissure margins, which involves a bilateral cell flow172. In the temporal side
of the OC, a ventral flow originating from the neuro-retinal cell forms the temporal fissure
margin, however in the nasal side, the ventral flow is originated in the proximal domain
of the OS172. Then, subsequently, a TGF-b positive population of cells from the OS will
migrate to populate both margins of the OF172. In these cells, TGF-b induces the
expression of gremlin2b (grem2b) and follistatin a (fsta), antagonist of the BMP
signaling173. Over-activating BMP4 or inhibiting Wnt block the flow of cells from the optic
stalk, resulting in a failure of the proximal optic fissure to form172. Thus, BMP antagonist
and Wnt signaling activated by TGF-b are required to regulate these cell movements to
form the OF margins.
After OF formation, the optic disc will be formed by ventral and dorsal
invagination of Pax2 expressing cells from the edges of the OF growing around the optic
nerve and the hyaloid artery154. This dual invaginative process creates a structure called
optic disc that exhibits markers from the OC and the OS154. These movements are guided
by Bmp7, Shh and FGFs secreted signaling168,169,171.
In the process of disc formation, Bmp7 is required to control early Pax2
expression in the optic discs171. Additionally, mouse Bmp7 mutants show a decrease in
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cell proliferation and apoptosis in the proximoventral region of the OC with failure in the
initiation of the OF171. Later, differentiating retinal ganglion cells (RGC) will supply Shh to
the optic disc and OS to regulate the size of Pax2 positive astrocytes population169.
Moreover, Shh conditional knockout in RGC leads to a loss of optic disc astrocytes as well
as conversion of OS cells into pigmented cells169. Finally, FGF signaling is also critical for
optic disc formation168. However, disruption in FGF signaling, as shown by Fgfr1/2 double
knockouts, disrupts ERK signaling and creates optic disc dysgenesis and Coloboma
without affecting Bmp or Shh signaling168. FGF signaling, in this context, is required to
regulate Mitf and Pax2 expression to coordinate optic disc specification as well as OF
fusion168.
After the optic disc has been formed, the leading edges of the OF undergo a shape
change to become juxtaposed154 (Figure 1.2). Next, the highly dynamic basement
membrane (BM) extrudes protrusions to contact the periocular mesenchyme (POM) cells,
vascular derivatives and the BM of the opposite fold154. These protrusions may initiate
the breakdown of the BM (Figure 1.2).
A recent publication from our lab charactering OF closure in zebrafish, found a Factin accumulation, probably from these protrusions, prior to BM breakdown174. In pax2
zebrafish mutants, this F-actin accumulation is mis-regulated as well as there is
persistence in laminin in between the lobes of the OF, similar to observed in Coloboma
cases. A transcriptome analysis comparing pax2 mutants unraveled a significant reduction
of a regulator of hyaloid vasculature, talin1, and an increase in the expression of an antiangiogenic protease, ADAM metallopeptidase with thrombospondin type 1 (adamts1).
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Validating the transcriptome analysis, adamts1 overexpression and pharmacological
inhibition of the vascular endothelial growth factor (VEGF) signaling created the same
Coloboma features found in Pax2 mutants. Coupled with the fact that the hyaloid
vasculature entering the OF expresses mmp2, led to the conclusion that Pax2 expression
is critical for inhibiting adamts1 anti-angiogenic activity and enabling hyaloid vasculature
invasion of the OF to facilitate breakdown of the BM by mmp2.
Similarly, James and collaborators, utilizing in vivo time-lapse imaging
determined the role of POM-migrating cells in generating the hyaloid vasculature also
contains the actin foci found in the region of the BM breakdown175. Their work also
showed that disruption of talin1 results in Coloboma with defects in OF BM degradation.
Additionally, cloch mutants which lack the hyaloid vasculature also have BM breakdown
defects175. Taken together, these results support the model that migratory POM-derived
endothelial cells are involved in generating the hyaloid vasculature and sequentially
degrading the BM in between the lobes of the OF175.
In this process of BM remodeling, an interplay between two growth factors
signaling, TGF-b and BMP, is also required173. While TGF-b acts pro-fusion and induces
changes in the ECM, the BMP signaling is capable of inhibiting fissure fusion173. During
normal BM breakdown, TGF-b activation in the cells of the margins of the OF induces the
expression of BMP antagonists to inhibit Bmp signaling and promote BM remodeling173.
In contrast, Bmp4 overactivation represses gram2b expression, a downstream effector of
TGF-b and results in Coloboma173.
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Next, after the basement membrane in between the lobes is completely
removed, the two folds of the OF will fuse to form a continuous OC154 (Figure 1.2).
Mutations that prevents BM protrusions and breakdown are an often cause of Coloboma,
however, the molecular basis of this interaction is poorly understood163,176–179. In order to
fill this gap, a recent publication from our lab employed a comprehensive characterization
of the BM during zebrafish OF closure180. Surrounding OF, the BM consists of four main
components, laminin (a1, a4, b1a, c1 and c3), nidogen (1a, 1b and 2a), collagen IV (a1 and
a2) and perlecan180. It was proposed that nidogen acts as a linchpin during the initiation
of BM breakdown, since it was the only component downregulated after BM breakdown
initiation and it can interact with the other components of the BM180. Additionally,
nidogen morphants and mutants develop Coloboma and retinal malformation such as the
ones found in laminin mutants149,180,181.
Two cellular mechanisms are thought to be involved in this fusion process
however, it varies amongst species154. In birds, fusion initiates from the distal portion of
the OF and along the margin of the pecten, a POM-derived comb-like structure of blood
vessels that accumulates in the dorsal margin, separating the OF ventrally154. The pecten
grows closing the OF ventrally via intercalation, at the same time, astrocytes and the optic
nerve close the rest of OF via intercalation154. Similar to birds, in mammals and fish, the
most proximal part of the OF will close via intercalation154. However, since the pecten is
absent, involution initiates OF apposition and fusion closes the dorsal part of the OC154.
In a recent publication, Eckert and collaborators discovered a population of cells
that initiate the fusion process and called them “pioneer cells”182. They are responsible
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for establishing the first cellular contact between the margins in the proximal fissure
region forming connections in between the hyaloid artery and vein182. Immediately after
initiation, the fusion progresses distally, increasing the distance between the hyaloid
artery and vein182. These pioneer cells can be considered, initially, presumptive RPE
progenitors, for losing their rx2 expression, gaining Dopachrome tautomerase (Dct)
expression, an RPE marker and flattening their morphology. However, after initiation,
they regain their rx2 expression, start expressing Visual system homeobox2 (vsx2), an NR
marker, and get integrated into the NR population182. In this process, BMP activation
perturbs the rx2 expression in these pioneer cells without changing their morphology,
subsequently changes their identity, generating margins with everted vsx2-positive and
the Dct-positive domains leading to Coloboma182. The severity of the Coloboma is
dependent on how early the moment of activation is182.
One important morphogenetic pathway known to be critical for optic fissure
closure is the RA signaling183. It is involved in the regulation of two distinct genetic
programs, the ventral retina (VR)/OS and the periocular mesenchyme (POM) cells.
RA receptor (RAR) controls ventral cup morphogenesis by regulating the
expression of specific genes and this is independent from the POM183. First, in the POM
cells, RAR is responsible for the regulation of several POM genes. In early migratory NCC
RA signaling activates the expression of Forkhead box C1-A (foxC1a), noca-like zinc finger
protein 1 (nlz1) and wist family bHLH transcription factor 1a (twist1a) 183. FoxC1a and nlz1
are responsible for promoting eyes absent transcriptional coactivator and phosphatase 2
(eya2) and paired like homeodomain 2 (pitx2) activation183. Lastly, pitx2 activates LIM
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homeobox transcription factor 1 beta1 (lmx1b1) 183. Morphants for foxC1a183, eya2183 and
nlz1184 all develop Colobomas. Additionally, inhibiting RA function blocks POM migration
in the OF, blocking their ability to help BM degradation183. Similarly, decreasing the supply
of vitamin A, the RA precursor, during the time of OF closure in mouse embryos also
prevents POM migration into the eye, persistence of BM and Coloboma178.
In the VR/OS, RA signaling regulates a cohort of genes such as ventral anterior
homeobox 1 (vax1), neuroepithelial cell transforming gene 1A (net1a), cytochrome B5
type A (cyb5a), integrin alpha-5 (itgA5), disheveled binding antagonist of b-catenin 1
(dact1), noca-like zinc finger protein 2 (nlz2), dehydrogenase/reductase 3a (dhrs3a) and
retinol dehydrogenase 10a (rdh10a). Knockdown of vax1 or nlz2 causes Coloboma117,184,
and many of these genes, such as integrins, netrins are implicated in cell migration185,186
with serious implications to OF closure. However, it is unlikely that changes in VR/OS are
a direct consequence of POM mis-regulation, since morphants for foxC1a, nlz1, or pitx2
do not show any change in this VR/OS genes183. Thus, functional RA signaling is required
not only for POM regulation of the OF closure as well as the correct regulation of VR/OS
genetic program critical for OF fusion183.
Related to the RA signaling, Cyp1b1 is also associated with the regulation of OF
closure, however, in this case, independent from RA187. Cyp1b1 was initially characterized
as an enzyme responsible for metabolizing polycyclic aromatic hydrocarbons catharizing
the enzymatic steps to convert retinol into RA188. Additionally, cyp1b1 gene expression
was regulated by RA signaling changes and the increase of cyp1b1 also increase RA in the
developing zebrafish embryo187. In the developing OC, cyp1b1 expression was localized in
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NR and RPE within and immediately surrounding the OF decreasing right after OF
closes187. In cyp1b1 morphants, the BM breakdown is premature with disrupted NCC
migration thought the OF187. In contrast, cyp1b1 overexpression causes changes in the
expression of RA levels in the head and eyes but also change Shh in the midline187. In the
OC, cyp1b1 overexpression decreases pax6 and vsx2 expression, causing an increase in
apoptosis and failure in BM breakdown leading to the development of large
Colobomas187. However, inhibiting RA synthesis pharmacologically or genetically did not
rescue the phenotype187. Taken together, these results demonstrate a role of cyp1b1 in
the regulation of the OF closure in a RA-independent mechanism187.
Components of the extracellular matrix are essential for proper OF closure.
Recently, netrin-1 has been implicated in a detailed transcriptomic analysis of the OF
fusion in chick being the highest expressed and most fissure-specific transcript189. During
OF fusion in chick, netrin gene expression and protein localizes in both NR and RPE cells
at the fissure margins189. The same pattern of expression was also demonstrated in
human embryonic fissures189 and mice184. Mouse netrin knockout189 as well as zebrafish
netrin1 morphants190 and mutants189 display highly penetrant colobomas, however, prior
during fusion initiation their eyes are normal, indicating that netrin1 function might be
specific to the OF fusion189. Up to date, the specific mechanism by which netrin guides OF
fusion remains misunderstood. Nonetheless, some pieces of evidence suggest for netrin1
function being the prevention axon ingression into the OF allowing for the fusion, since
netrin1 well-studied canonical role is the guidance of motor axons and growth-cone
dynamics and axonal processes are absent in the OF during fusion189. However, no strong
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evidence has been found and additionally, the netrin1 receptor, neogenin is not
expressed in the OF189.
Another component of the BM critical for OF closure is laminin. In zebrafish,
laminin is initially maternally deposited, and later is expressed in the lens, retina, RPE and
OF in the developing OC181. Later, laminin continues to be expressed strongly in the optic
nerve, lens capsule and RPE. Lamb1 and lamc1 zebrafish mutants display coloboma
varying in severity and incidence, however in more than 80% of the mutants displayed
Coloboma bilaterally181. Since BM are an important site for providing a way for the
deposition for signaling proteins their direct interaction with cells, it has been
hypothesized that laminin is required for OF closure for provident cell-ECM interactions
and facilitating the morphogenetic movements critical for OF closure181.
Closure of the OF has been associated with several mechanisms including, cell
proliferation, migration, cell death and several transcription factors implicated in OC
polarity 154. Examination and analysis of mutations in these signaling pathways has helped
to create a coloboma gene network156 recently updated191. Coloboma causative mutated
gene are summarized in Table 1.1. Interestingly, many of these pathways converge in the
precise regulation of expression of the Pax2 transcription factor in the OS.
One of these regulators is Foxg1. As previously mentioned, Foxg1 is a
transcription factor required to give nasal identity to part of the dorsal OV. However, a
recent study, described the occurrence of microphthalmia and the development of large
ventral colobomas in Foxg1 mutant mice

192

30

. Additionally, these mutants also had an

increase in Wnt8b gene expression in the OS restricting pax2 expression to the nasal
domain192. Foxg1 and Wnt8b mice double mutants had an increase in cell death, restored
pax2 gene expression to nasal and temporal domains as well as the morphology of the OS
and OF closure were rescued. Thus, proper OF closure requires Foxg1 inhibition of Wnt8b
in the nasal OS to regulate apoptosis and pax2 gene expression in the nasal and temporal
sides of the OF192.
Another regulator of Pax2 gene expression in the SRY-Box Transcription Factor 4
(Sox4). It has been implicated in regulating Pax2 via inhibition of the Hh signaling193. Sox4
zebrafish morphants display coloboma with an increase in cell proliferation and expanded
pax2 gene expression in the OS due to a Hh signaling overactivation rescued by
cyclopamine treatments193.
Additional signaling pathways implicated in regulating proper levels of Pax2 in
order to regulate OF closure include the c-Jun NH(2)-terminal kinase (JNK) group of
mitogen-activated protein kinases194. Mouse JNK1/2 knockouts develop coloboma due to
a reduction in pax2 gene expression in the eyes194. Specifically, JNK activates Bmp4, which
induces the expression of Shh in a cytokine cascade leading to the activation of pax2194.
Moreover, as previously stated, FGF signaling is also responsible for regulating proper
levels of pax2 to control OF close where loss of FGF function results in coloboma168.
In a recent effort to create a transcriptome of the OF, Cao and collaborators
examined a newly discovered OF gene named Actin Filament Associated Protein 1 Like 2
(Afap1l2) they found to be responsible for regulating Pax2 gene expression195. Zebrafish
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Afap1l2 morphants exhibit Coloboma with 80% of penetrance and a dramatic
upregulation of Pax2 expanding from the edges of the OF into the OC with no changes in
the Shh signaling195. Additionally, double morphants for Afap1l2 and Pax2 rescue the
Coloboma195. Thus, they conclude, afap1l2 restricts the activity of the signaling pathway
that promotes pax2 expression independent from Shh to regulate OF closure195.
Finally, when examining the global gene expression profile of the margins of the
mouse OF, Brown and collaborators characterized two C(2)H(2) zinc finger proteins Nlz1
and Nlz2 to be responsible for the regulation of the OF fusion via Pax2 expression
change184. While coloboma was the result upon morpholino downregulation of nlz1 or 2,
Nlz1 was demonstrated to act as a positive regulator of Pax2 while Nlz2 as an inhibitor184.
In our recent study, we confirmed that Nlz2 acts as an inhibitor of Pax2 gene
expression133. Additionally, we show that Nlz2 protein stability is regulated in a posttranslational manner by Siah E3 ubiquitin ligases in a Shh-dependent manner133.
Overactivation of Shh signaling increased Siah1 expression, which in turn decreased nlz2
protein levels and ultimately led to an increase in pax2 and failure of OF fusion133. Thus,
the precise quantitative-spatiotemporal Pax2 gene expression control is critical to
facilitate proper OF closure.
In summary, the morphogenetic events that governs the formation of the OF,
optic disc establishment, apposition of the folds of the OF, BM breakdown fusion and
intercalation to close the OF and create a continuous OC. These events required an
orchestrated and precise regulation of transcription factors such as Vax1, Vax2 and
specially Pax2, BM components such as nidogen, laminin and integrins as well as
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anti/angiogenic factors such as adamts1 and talin1 expressed by the hyaloid vasculature
in response to several signaling pathways including Shh, BMPs, Wnt, TGF-b, RA and FGFs.
Table 1. 1. Genetic mutations cause of vertebrate ocular coloboma. Adapted
from191,196,197
Gene name

Human
mutation

Animal model
confirmation

Coloboma type

PAX6

Multiple

Mouse

Iris, retina, choroid and optic nerve
coloboma

VSX2/CHX10

Multiple

Mouse and zebrafish

Iris coloboma

MAF

Multiple

Mouse

Iris coloboma

ALDH1A3

Multiple

Mouse and zebrafish

Iris, retina and choroid coloboma

FZD5

Multiple

Mouse and zebrafish

Iris, retina and choroid coloboma

RX

Multiple

Mouse

Optic nerve coloboma

CRYAA

Multiple

Mouse

Iris coloboma

RBP4

Multiple

None

Iris, retina and choroid coloboma

OTX2

Multiple

None

Iris and retina coloboma

GDF3

Multiple

Zebrafish

Iris, retina and optic nerve coloboma

PAX2

Multiple

Mouse and zebrafish

Retina and optic nerve coloboma

CHD7

Multiple

Mouse

Iris, retina, optic nerve coloboma

TFAP2A

Multiple

Mouse and zebrafish

Iris, choroid and optic nerve coloboma

PIGL

Multiple

None

Retina coloboma

ACTB

Multiple

None

Iris and retina coloboma

ACTG1

Multiple

None

Iris and retina coloboma

MAB21L2

Multiple

Mouse and zebrafish

Iris, retina and choroid coloboma

ZEB2

Multiple

None

Iris and retina coloboma

ALG3

Multiple

None

Iris coloboma

ALX3

Multiple

None

Iris coloboma

BCOR

Multiple

Zebrafish

Iris coloboma

BMP7

Multiple

Mouse

Retina, choroid and optic nerve coloboma

C12ORF57

Multiple

None

Iris, retina, choroid and optic nerve
coloboma

CC2D2A

Multiple

None

Choroid and optic nerve coloboma
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Table 1.1. Continued
CEP290

Multiple

None

Retina coloboma

CRIM1

Multiple

None

Iris, choroid and optic nerve coloboma

CREBBP

Multiple

None

Iris, retina, choroid and optic nerve coloboma

DPYD

Multiple

None

Iris and choroid coloboma

FLNA

Multiple

None

Iris coloboma

FOXE3

Multiple

None

Iris and retina coloboma

GDF6

Multiple

Mouse and zebrafish

Iris, retina, choroid and optic nerve coloboma

GZF1

Multiple

None

Iris, retina and choroid coloboma

INPP5E

Multiple

None

Retina, choroid and optic nerve coloboma

KCTD1

Multiple

None

Iris coloboma

KMT2D

Multiple

None

Iris, retina, choroid and optic nerve coloboma

LRP2

Multiple

None

Iris coloboma

MKS1

Multiple

None

Iris coloboma

NAA10

Multiple

None

Iris, choroid and optic nerve coloboma

NRAS/HRAS/
KRAS

Multiple

None

Iris and choroid coloboma

PDE6D

Multiple

Zebrafish

Optic nerve coloboma

Pitx2

Multiple

Mouse

Iris coloboma

POMT1

Multiple

None

Optic nerve coloboma

PORCN

Multiple

None

Iris, retina, choroid and optic nerve coloboma

PQBP1

Multiple

None

Iris, retina and optic nerve coloboma

PTCH1/2

Multiple

Zebrafish

Iris coloboma

PTPN11

Multiple

None

Iris, retina and optic nerve coloboma

PUF60

Multiple

None

Iris, retina and optic nerve coloboma

RAB3GAP1

Multiple

None

Retina coloboma

RPGRIP1L

Multiple

None

Choroid coloboma

SALL1

Multiple

Mouse

retina and choroid coloboma

SALL4

Multiple

None

Iris, choroid and optic nerve coloboma

SEMA3E

Multiple

Zebrafish

Iris, retina and optic nerve coloboma

SHH

Multiple

Mouse and zebrafish

Iris, retina, choroid and optic nerve coloboma
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Table 1.1 Continued
SIX3

Multiple

None

Iris, retina and choroid coloboma

SMCHD1

Multiple

None

Iris, retina and choroid coloboma

SOX2

Multiple

Mouse

Iris, retina, choroid and optic nerve coloboma

SRD5A3

Multiple

None

Iris coloboma

STRA6

Multiple

Zebrafish

Iris, retina and optic nerve coloboma

TBX1

Multiple

None

Iris, retina and choroid coloboma

TBX22

Multiple

None

Retina coloboma

TMEM67

Multiple

None

Choroid coloboma

TMEM216

Multiple

None

Retina and choroid coloboma

TMEM237

Multiple

None

Retina coloboma

ZIC2

Multiple

Zebrafish

Retina and choroid coloboma

WDR11

10

None

Iris and optic nerve coloboma

SIX6

7

None

Iris, choroid and optic nerve coloboma

WSHC5

6

None

Iris and retina coloboma

FADD

5

None

Iris and retina coloboma

KIAA1279

5

None

Iris coloboma

MITF

4

Mouse

Iris coloboma

TENM3

4

None

Iris, choroid and optic nerve coloboma

SMOH

4

None

Iris, choroid and optic nerve coloboma

ABCB6

3

Zebrafish

Iris, retina and choroid coloboma

YAP1

3

Zebrafish

Iris, retina and choroid coloboma

HMX1

2

Mouse and zebrafish

Iris, retina and choroid coloboma

TWF1

1

None

Iris and choroid coloboma

SALL2

1

Mouse

Iris, retina, choroid and optic nerve coloboma

LCP1

1

None

Iris and choroid coloboma

MIR204

1

None

Iris coloboma

SMOC1

1

Mouse

Retina coloboma

IGBP1

3

None

Iris and optic nerve coloboma

HMGB3

2

Xenopus

Iris, retina, choroid and optic nerve coloboma
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Table 1.1. Continued
MSX2

1

Mouse

Iris, retina and choroid coloboma

Vax1

None

Mouse

Iris, retina, choroid and optic nerve coloboma

Vax2

None

Mouse and zebrafish

Iris, retina, choroid and optic nerve coloboma

Axin2

None

Mouse

Iris coloboma

Adamts16

None

Zebrafish

Retina and choroid coloboma

Aldh7a1

None

Zebrafish

Retina and choroid coloboma

Cdon

None

Mouse

Retina and choroid coloboma

Dkk

None

Mouse

Retina and choroid coloboma

Tbx2

None

Mouse

Retina and choroid coloboma

Sox4

None

Zebrafish

Retina and choroid coloboma

Sox11

None

Zebrafish

Retina and choroid coloboma

Foxg1

None

Mouse

Iris, retina choroid and optic nerve coloboma

Nr2f1,Nr2f2

None

Mouse

Coloboma

Lrp6

None

Mouse

Iris, retina and choroid coloboma

Ipo13

None

Zebrafish

Retina and choroid coloboma

Axin-2

None

Mouse

Coloboma

lmo2

None

Zebrafish

Retina, choroid and optic nerve coloboma

Smad7

None

Mouse

Iris, retina and choroid coloboma

opo(ofcc1)

None

Medaka fish

Coloboma

Nlz1/2

None

Zebrafish

Retina and choroid coloboma

Ctnna1

None

Mouse

Coloboma

cdh2(ncad)

None

Mouse and Zebrafish

Retina and choroid coloboma

Fbn2

None

Mouse

Iris coloboma

Lamc1 &
Lamb1

None

Zebrafish

Retina, choroid and optic nerve coloboma

Efna5

None

Mouse

Coloboma

sfrp1a/sfrp5

None

Zebrafish

Retina and choroid coloboma

EphB2

None

Mouse

Coloboma

Jag1

None

Mouse

Iris coloboma

hdac1

None

Zebrafish

Coloboma
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1.8

Early lamination of the optic cup
Lamination of the OC occurs concomitantly with invagination and D-V/P-D/N-T

patterning of the OC and lens specification. Invaginating OC will be regionalized into two
layers, the outer layer will form the retinal pigmented epithelium (RPE) while the inner
layer in the distal/ventral region of the OV will form the neural retina (NR)4. The
interaction of the OV with the overlaying ectoderm plays a critical role in the specification
and maintenance of these distinct layers4.
Several signaling pathways have been implicated in the regulation of these OC
layers. One of them, TGF-b signaling from the periocular mesenchyme (POM), activates
the expression of the RPE related transcription factors, Mitf and Otx2 in the presumptive
RPE198,199. Mitf is initially expressed through the OC, subsequently downregulated when
Vsx2, the NR marker and repressor of Mitf, is upregulated4. Mitf and Otx2 are necessary
to activate genes that regulate RPE differentiation such as QNR71, Tyr, Trp1 and
Trp2200,201. Additionally, loss-of-function of both result in absent RPE with ectopic NR
expansion4.
In the process of RPE development, Wnt signaling is also critical with b-catenin
being essential for RPE specification and maintenance202,203. b-catenin knockout at the OV
stage leads to failure in Mitf and Otx2 activation and RPE specification with consequent
ectopic NR induction and Vsx2 expansion203.
FGF signaling is also critical for the lamination of the OC. The surface ectoderm
expresses FGF ligands, specially FGF2, which is critical for DV patterning of OV and NR
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specification4. OV explants cultivated with FGF2 have expansion in NR and absent RPE,
while removal of FGF2, blocks NR specification204,205. Additionally, in vivo removal of the
surface ectoderm leads to failure in Vsx2 expression and increase in Mitf205.
The earliest patterning gene Lhx2, previously discussed, also plays a role in early
OC lamination198. Lhx2 is an EFTF and, therefore, its first expression is detected in the eye
field116. However, its expression in the OV is required to activate the expression of Mitf
and other retinal determinants116. In mouse Lhx2 knockouts, EFTF expression initiates
normally, but eye development stops in the OV stage. Additionally, the expression of
patterning OV markers is severely affected, Mitf, Vsx2 and Tbx5 are not activated, while
Pax2, Vax2 and Rx are initiated but not maintained116. Moreover, a detailed analysis
involving a mosaic knockout of Lhx2 revealed its cell autonomously activation of Mitf and
Vsx2, thus, making Lhx2 specially required for OC early lamination116,198.
In conclusion, initial OC lamination requires the interaction of the OV with surface
ectoderm and periocular mesenchyme cells to precisely regulate Lhx2 to activate the RPE
markers, Mitf and Otx2 in the presumptive RPE as well as Vsx2 in the presumptive NR.
These specifications are regulated by FGFs, TGF-b and Wnt signaling from the interaction
of the OC with adjacent tissues.

1.9

Retinal pigmented epithelium (RPE) development
Retinal pigmented epithelium is necessary for the regulation of several aspects

of eye development198. RPE is necessary to maintain eye growth, to support proper
lamination and it is extremely critical for photoreceptor differentiation and
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maintenance206–208. RPE specification occurs at the OV stage with the activation of
expression of two key player previously mentioned, Mitf and Otx2. Otx2 is first expressed
in the eye field and it is responsible for activating Mitf expression in the presumptive
RPE207,209. Mitf is first expressed in the presumptive RPE and is the main regulator of
pigment cells in the RPE201,207,210. A cooperation between Mitf and Otx2 is responsible for
the activation of pigment differentiation gene, such as Dopachrome tautomerase (Dct),
Tyrosinase-related protein 1 (Tyrp1) and Tyrosinase (Tyr) and differentiation of
progenitor cells in RPE pigmented cells201,207,210. Additionally, both of them are
downregulated in the NR. In mice, genetic ablation of the RPE or knockdown of RPE
specification genes during development results in RPE to NR trans-differentiation,
microphthalmia and Coloboma205,210–212.
Recently a lot of progress has been made on how POM affects RPE specification,
however some conflicting results still need to be clarified. In chicken, Mitf expression is
found in entire OV, in contrast, in mice, Mitf expression is restricted to the presumptive
RPE domain199,213–215. Using chick explant cultures, some studies have shown that POM is
required for the activation of Mitf and Mitf-related genes, such as melanosomal matrix
protein (MMP115) and Wnt13199,216. Additionally, in the absence of the POM, TGF-β
family member activin is able to restore the expression of these genes, showing that POM
is necessary for the activation of Mitf and specification of RPE in chick through TGF-β
signaling199. However, other studies have demonstrated that even in moments when the
POM is not present in the chick eye development, when OV first contact with the
overlaying ectoderm, Mitf expression is already present at low levels in the entire OV and
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is dependent on BMP signaling secreted from the overlaying ectoderm198,217. Additionally,
BMP-coated beads implanted adjacent to the OV can induce Mitf expression166,215.
However, it is also known that optic cup morphogenesis is disturbed in BMP-treated eyes
by increasing apoptosis, so further experiments will be crucial to confirm BMP and POM
regulation of chick RPE166,215.
In mouse, POM surrounds the OV at earlier stages, when Mitf starts to be express
in the OV198,218. Thus, abrogating POM-related genes as well as removing POM cells in
optic vesicle explant cultures change Mitf expression and block RPE specification leading
to malformations in ocular development198,218. Additionally, blocking BMP signaling does
not affect RPE specification in mouse, different from chick109,110,171.
Lastly, the FGF signaling is described as an inhibitor of the RPE specification1. In
chicken, FGF signaling secreted from the overlaying ectoderm was shown to inhibit RPE
formation, and similarly in mice that overexpress Fgf9 in the presumptive RPE also do not
develop the RPE, developing a second NR207. Additionally, Fgf9 knockout mice develop an
expansion of the RPE into the NR207.
Others EFTFs are also involved in RPE specification. One of them is the Rx
transcription factor219. Rx confers competence for the presumptive RPE to respond to
signals from the POM cells219. In the zebrafish mutant chokh (chk), that has a mutation in
Rx3 gene, RPE fails to develop with absent Mitf and Otx2 expression in the prospective
RPE219. Additionally, transplant experiments demonstrated that Rx3 acts cell
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autonomously to specify the prospective RPE219. Indicating that Rx3 acts upstream of Mitf
and Otx2 allowing prospective RPE to respond to extrinsic factors from the POM219.
Another pair of transcription factor also involved in the specification of RPE is
Pax2/Pax6220. They are expressed in the entire OV prior to the specification of the RPE
and NR and are both capable of activating a Mitf enhancer that controls its expression in
the RPE220. Compound Pax2/Pax6 mice mutant fail to express Mitf in the OV and the RPE
is transdifferentiated into NR220. Additionally, OV does not evaginates to form the OC.
Interestingly, Otx2 expression is persistent in this mutant, but not sufficient to promote
RPE specification220.
After specification of the RPE in the OC, proliferation of presumptive RPE cells
stop, forming a single layer of cuboid cells that progressively become pigmented198.
Following, these cells drastically change their morphology with formation of tight
junctions, growth of apical microvilli, invagination of the basal membrane, establishment
of polarity and build of the retinoid recycling machinery206,221–223.
The Shh signaling plays an important role in RPE differentiation and
maintenance198. In chicken, mouse and frog, downregulation of Shh signaling or
disruption of Gas1, a positive co-regulator of the Shh signaling, impacts RPE
maintenance76,224–230. RPE cells fails to decrease proliferation after the specification and
trans-differentiate in NR229. It is interesting to point the fact that RPE specification in these
animals is not affected229.
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Similarly, the RA and the BMP signaling are also involved in the maintenance of
RPE198. RAR mutants display severe eye malformation including microphthalmia and
trans-differentiation of RPE in NR231, while decreasing BMP signaling by overexpressing
its inhibitor noggin causes trans-differentiation of RPE in NR only in the ventral domain,
showing that dorsal and ventral RPE development is regulated by different modulators
and BMP is probably responsible for the ventral domain232.
Finally, Wnt signaling from the surface ectoderm also controls the development
of the RPE100,198. Surprisingly, the Wnt signaling is not sufficient to determine specification
of the RPE cell fate in the retina, only when co-overexpresed with Otx2 is Wnt signaling
able to activate Mitf gene expression and determine RPE fate202,204,233. However, for RPE
maintenance, Wnt signaling is responsible for the activation of the b-catenin/TCF/LEF
complex which can activate the expression of Otx2 and Mtif to stimulate the expression
of several pathway components critical for melanocyte development and maintenance
such as, Tyrp1, Tyr and Dct234–236.
The b-catenin/TCF/LEF can also bind directly to the steroid/thyroid hormone
receptor superfamily Nr2f1/Nr2f2 which are responsible for regulating several
transcription factors involved in eye development such as, Pax6, Otx2, Mitf, Pax2 and
Vax1/2102,237. A double KO mouse mutant for these receptors has severe eye
malformations with trans-differentiation of the RPE into NR237. Additionally, b-catenin can
directly interact with Mitf to promote Mitf-mediated transcription238 and along with Pax6
can activate the expression of Tyrp1 and Tyr239. Wnt signaling interference in RPE causes

42

loss of activation of the TCF/LEF complex and severe eye defects such as microphthalmia
and trans-differentiation of the RPE into NR.
For a period of several of days after the start of differentiation, RPE cell fate can
be reversed into NR by FGF treatment, suggesting that the maintenance of their fate is
controlled during a prolonged period240,241.
In summary, in the process of RPE development, POM cells around the OV signals
with TGF-b and BMP to induce the expression of a pair of transcription factor Otx2 and
Mitf. These two genes are also subjected to modulation from EFTFs genes, such as Rx and
Pax6/Pax2 as well as inhibition from the overlaying ectoderm through FGF signaling.
Together, Otx2 and Mitf will activate a group of pigment-related genes in order to
differentiate the RPE in pigmented cells that are critical for photoreceptor cell biology in
the process of differentiation and maintenance, Shh, BMP, RA and Wnt signaling are
critical to activation of this pathways.

1.10 Neural retina (NR) development
The retina is a very complex organ involved in several aspects of the vertebrate
life. Besides vision, the retina is also responsible for responding to environmental cues to
photo-train against circadian oscillators as well as to control the constriction of the
pupil242. During vertebrate eye development, the presumptive neural retina is specified
from the inner layer of the OC1. The neural retina subsequently expands by proliferation
and differentiates into several different types of neurons1. Once mature, the retina is
comprised of 6 retinal neurons and one glial cell type (Figure 1.3). All of them differentiate
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from a common pool of retinal precursors cells (RPC) in an orderly and conserved
manner243,244. The first cells to differentiate are the retinal ganglion cells (RGC), closely
followed by horizontal, cone photoreceptor and amacrine cells241. Next, bipolar and rod
photoreceptor cells are formed and lastly the Müller glial cells are added to the retina241.
At the end of this process, these cells are stereotypically organized layers241
(Figure 1.3). The mature retina has three nuclear layers with cellular bodies of different
neurons and two plexiform layers with their axonal projections241 (Figure 1.3). The most
inner nuclear layer houses the cellular bodies of retinal ganglion cells and it is called
ganglion cell layer (GCL) 241 (Figure 1.3). A central layer, the inner nuclear layer (INL)
contains the cellular bodies of amacrine, horizontal, bipolar and Müller glial cells241
(Figure 1.3). Finally, in the outer nuclear layer (ONL) we can find the photoreceptor cells,
rods and cones241 (Figure 1.3). The axons of neurons in each of these nuclear layers
interact in the plexiform layers, RGC and the neurons of the INL interact in the inner
plexiform layer (IPL) while neurons of the INL and photoreceptors of the ONL interact in
the outer plexiform layer (OPL) 241 (Figure 1.3).
RPC are key to building the retina and themselves rely on several signaling
pathways. One of the earliest known transcription factors express in the presumptive NR
is the visual system homeobox 2 (Vsx2 also known as Chx10)245. Vsx2 activation is critical
for RPC proliferation246. Vsx2 mutations in humans and mice leads to microphthalmia,
cataracts, and abnormal iris development. In the mice mutant called ocular retardation
(or) the Vsx2 gene has a premature stop codon that impairs its expression246. These
mutant animals are blind and with microphthalmic eyes, cataractous lens and a thin retina
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poorly differentiated without optic nerve246. The smaller eyes are a definite consequence
of the decrease in cell proliferation due to lack of Vsx2 activity246.
Another transcription factor indispensable for the maintenance of RPC potency
is Pax6247. Pax6 is defined as the master regulator of eye development4. In Pax6 knockout
mice, RPC only produce amacrine cells failing to upregulate pro-neuron genes responsible
for specifying the remaining types of retinal neurons247.
In addition to the effect in Pax6 to maintain RPC potency, the basic helix–loop–
helix transcription factors Hes1 and Hes5 are also critical to the continuous support of
RPC248. In Hes1 mice mutants, cell proliferation in the retina is drastically decrease249,250
and in Hes5 mutants only 30% of the Müller glial cells are found in the retina251.
Additionally, misexpression of Hes5 promotes the generation of Müller glial cells252.
The regulation of these transcription factors depends on the activity of several
signaling pathways3. FGF signaling is highly important for the specification of the NR in all
vertebrates198. FGF ligands and receptors are abundantly expressed in the developing eye
and extraocular tissues in vertebrates253. In chicken and zebrafish, the ocular
neuroepithelium is the source of FGF and controls the progression of retinal
neurogenesis254,255. Moreover, in chicken optic vesicle cultures, addition of neutralizing
FGF2 antibodies inhibits retina development204, however this phenotype can be rescued
by removal of the overlaying ectoderm with overactivation of the FGF signaling by
addition of FGF-coated beads, FGF-secreting fibroblasts, or injection of FGF retroviral
expression vectors205,256. In FGF9 null mice, RPE expands into the NR domain which leads
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to the conclusion that FGF9 might help maintain the boundary between RPE and NR257.
Additionally, the Src homology 2 domain-containing protein tyrosine phosphatase 2 (Shp2
also known as PTPN11) gene binds to FGF receptor tyrosine kinase to complete its
activation, acting downstream of FGF258. Shp2 conditional knockout at the OV stage leads
to loss of Vsx2 in the distal domains, persistent Mitf expression and trans-differentiation
of NR in RPE258. Moreover, overactivation of Ras can rescue the phenotype caused by
Shp2 knockout258. Alternatively, MAPK FGF gain-of-function studies in frog, chicken and
mouse show an increase in NR expansion into RPE domain, however, this MAPK
overactivation does not rescue Vsx2 loss of function, showing that Vsx2 is a downstream
effector of the FGF and Shp2204,259,260.
Another signaling that might also be involved in NR specification is the BMP
signaling. BMP7 null mice develop anophthalmia with downregulation of NR-specific
genes, ectopic expression of Mitf171. Additionally, double mutant mice for BMPR Ia and
BMPR Ib show decrease in the expression of Vsx2 and failure in the neurogenesis in the
retina261.
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Figure 1. 3. Cellular organization of the vertebrate retina.
1.11 Retinal ganglion cells
In the mature retina, light is received by the photoreceptor cells and processed
into neurochemical signals to be transmitted and modulated throughout the other
neurons of the retina until it is received by the RGCs4. RGC are responsible for conveying
the visual information from the retina to the brain via optic nerve formed by the bundle
of RGC axons4 (Figure 1.3). They are also required for coordinating the response to
environmental factors to promote the circadian cycle as well as to control the constriction
of the pupil and are the first cell to be specified in the retina4.
During RGC specification, Pax6 is activates the expression of the bHLH
transcription factor atonal homolog 7262 (Atoh7, also known as Math5 and Ath5). Atoh7
is critical to the determination of RGC fate263–265 as, Atoh7 mouse knockouts do not
produce RGC and lack an optic nerve263,265.
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After RGC specification has occurred, RGC will undergo a terminal differentiation
and follow a maturation program266. In the process of differentiation, FGF signaling plays
a role by providing a species-specific strategically localized pattern254. In zebrafish, RGC
specification occurs in the ventral retina and differentiation proceeds in a nasal/dorsal
direction, unfolding in a fan-gradient267. In contrast, in Xenopus, RGC differentiation starts
in a central retinal position dorsal to the OF268. Additionally, in chicken, specification of
RCG occurs dorsal of the OS and differentiation proceeds in a circle pattern with a centralto-peripheral direction269.
Two FGF ligands seem to be involved in these RGC species-specific differentiation
patterns, Fgf8 and Fgf3254. Fgf8 is expressed in the OS of all vertebrates, however, in chick,
it is additionally expressed in a restricted domain in the central retina overlapping with
Fgf3 slightly before the first appearance of RGC in this region254. Additionally, Fgf8 and
Fgf3 also co-localize in the ventral part of the retina, in the OS of the zebrafish, exactly
where the first RGCs appear254. FGF inhibition impairs the formation of Atoh7 positive
RGC progenitors while insertion of FGF8 beads in Fgf8/3 double KO embryos induces a
second wave of RGC neurogenesis in the proximity of the beads254. Additionally, in Fgf8
and Fgf3 zebrafish double mutants, Atoh7 fails to be express 254,270,271.
Another signaling pathway involved in RGC neurogenesis is Shh, however the
mechanism of its action remains unknown. One supported idea is that the continuous
generation of RGC is supported by Shh expressed by the newly formed RGC in order to
activate the expression of Atoh7 in these new RGC272,273. Another idea is that RGC
differentiation is mediated by an intrinsic program controlled by Shh from the midline264.
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In this idea the timing of neurogenesis is specific to retinal position, thus the wave of RGC
differentiation would come from the collective decision of single RGC precursors264.
Supporting this idea, interference in the Shh midline signaling before the first RGC is
generated abolishes Atoh7 expression266,274. Additionally, in smu zebrafish mutants, in
which the transduction of the Shh cascade is impaired by the absence of the smoothened
receptor, Fgf8 is downregulated in the OS and Atoh7 is absent in some embryos as well,
showing that in the absence of Shh from the midline impairs FGF signaling which become
insufficient to trigger RGC neurogenesis274.
In order to differentiate, RGCs will turn on the expression of a POU (Pit1,
Oct1/Oct2, Unc-86)-homeodomain transcription factor called Brn3b275,276. Interestingly,
mutations in Brn3b results in a decrease of 80% of the number of RGCs due to increased
apoptosis, while their specification is intact275,276. In addition to the effect of Brn3b in the
regulation of RGC maintenance, another pair of transcription factors, the Dlx homeobox
genes (Dlx1/Dlx2) also affect RGC survival by regulating Brn3b as well as the neurotrophin
tropomyosin receptor kinase B (TrkB)277,278. Dlx1/Dlx2 double knockout mice show an
increase in apoptosis of late-born RGC reducing the number of RGC to 33% of wildtype277.
In conclusion, the specification and differentiation of the RGC occurs in response
to extrinsic signaling such as Shh from the midline to establish a precise pattern of
expression of FGF ligands in the retina. Critical transcription factors involved in RCG
development is summarize in Table 1.2.
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1.12 Horizontal cells
Horizontal cells are necessary to regulate lateral interactions in between
photoreceptor cells and bipolar cells in the OPL (Figure 1.3). Their cell bodies are located
in the INL4. They regulate signal transmission between photoreceptors and bipolar cells
which contribute to the formation of the center-surround antagonism of bipolar cells and
RGCs enhancing spatial discrimination and inducing contrast of visual images279–281. The
activation of the forkhead/winged helix transcription factor (Foxn4) is essential for
horizontal cell specification282. Targeted disruption of Foxn4 in mouse, completely
abolishes horizontal cells and diminishes the number of amacrine cells, showing their
development is similarly controlled282. However, Foxn4 overexpression only promotes
amacrine cell fate, which raise the question that horizontal cell initiation may require
additional factors248,282.
Downstream of Foxn4, One cut homeobox 1 (Onecut1) and the Pancreas
associated transcription factor 1a (Ptf1a) are required concurrently to specify horizontal
cells from a pool of Foxn4 positive RPC in the retina4. Similar to Foxn4 mutants, Ptf1a
knockout mutations completely abrogates horizontal cells from the retina283 and most
amacrine cells and Onecut1 mutant loss 80% of their horizontal cells284. Additionally, in
order to generate horizontal cell with proper development and lamination, the homeobox
genes Prospero homeobox 1 (Prox1) and LIM homeobox 1 (Lhx1) need to be activated.
Prox1 works to regulate the appropriate time to exit of the cell cycle in progenitor cells of
the retina285 and Prox1-/- mice, fail to develop horizontal cells
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. Thus, Prox1 is both

necessary and sufficient to determine horizontal cell fate285. Lhx1 is expressed in
50

postmitotic, differentiating, and mature horizontal cells286. Lhx1 lies downstream of
horizontal cell specification factors and is required to confer appropriate laminar position
in the developing retina to differentiating horizontal cells286. Conditional knockout of Lhx1
results in misplacement of horizontal cells to inner parts of the INL286. Additionally, these
misplaced cells adopt a morphology more reminiscent of amacrine cells with their
dendritic arbor included in the IPL286.
In summary, horizontal cells are critical to interact with bipolar and
photoreceptor cell and modulate their signal transduction in order to enhance spatial
discrimination and inducing contrast of final images. Their development is control by a
specific cascade signaling, shared with other cell types in the retina, involving the
activation of Foxn4, and subsequently initiation of Ptf1a and Onecut1 to finally regulate
Prox1 and Lhx1 to regulate cell cycle exit and proper lamination. Critical transcription
factors involved in horizontal cell development is summarize in Table 1.2.

1.13 Amacrine cells
In the retina, amacrine cell bodies are located in the INL, but their projections
extend to the IPL to meditate lateral interactions between bipolar, RGCs and other
amacrine cells (Figure 1.3). Their interactions are critical for a variety of computations,
such as edge extractions, detections of relative motion over a stationary background and
direction selectivity287–289. The specification of amacrine cell shares a couple of
transcription factors involved in horizontal cell specification, such as Foxn4 and Ptf1a.
However, they also require activation of downstream transcription factors like Neuronal
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differentiation 4 (NeuroD4 also known as Math3) and Neurogenic differentiation 1
(NeuroD1) not expressed in horizontal cells. While Foxn4 confers competence for RPC to
specify amacrine cells282, Ptf1a is responsible for the determination of amacrine cell
fate283. As previously mentioned, Foxn4-mutant retina have a reduction in the number of
amacrine cells and complete ablation of horizontal282, while misexpression of Foxn4 by
retroviral vector efficiently generates only amacrine cells, highlighting Foxn4’s important
role in amacrine cell development282. Similarly, in Ptf1a-/- mutant retina, amacrine cell
are severely reduced and horizontal cell are absent, however, NeuroD4 and NeuroD1 are
normal282. Additionally, Ptf1a expression is completely lost in Foxn4 mutants with
NeuroD4 and NeuroD1 downregulated282. Residual NeuroD4 and NeuroD1 expression in
the Foxn4 mutants might be the responsible for the generation of the small amacrine cell
population found in this mutant282. Finally, NeuroD4 and NeuroD1 double mutant retina
show complete absence of amacrine cells, without affecting horizontal cell number but
an increase in RGC and Müller glia numbers290. Thus, NeuroD4 and NeuroD1 seems to be
downstream of Foxn4, but upstream of Ptf1a, however, further experiments are needed
to finely describe their position in this specification pathway248.
There are two main neurotransmitter phenotypes of amacrine cells, GABAergic
and glycinergic amacrine cells248. The basic helix-loop-helix (bLHL) transcription factor
BarH-like 2 homeobox (Barhl2) is required for the specification of the glycinergic amacrine
cell subtype291. Barhl2 is expressed in postmitotic amacrine cells, and misexpression of
Barhl2 promotes the formation of glycinergic amacrine cells291. Alternatively, bLHL family,
Member E22 (Bhlhe22 also known as Bhlhb5) is required for the specification of the
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GABAergic amacrine cell subtype292. Bhlhe22 mutants lose approximately 40% of their
GABAergic amacrine cells as well as their Prox1+ displaced amacrine cells292. Finally,
amacrine cell development also require the activity of two homeobox EFTF, Pax6 and
Six3248,290. In retinal explant cultures, misexpression of NeuroD4 and NeuroD1 alone only
promoted rod genesis, however when co-expressed with Pax6 or Six3 there was a
significant increase in the population of amacrine cells290. Thus, for amacrine cell
development, NeuroD4 and NeuroD1 are essential, but not sufficient, and that additional
co-expression of Pax6 or Six3 is also required290.
In conclusion, amacrine cell interactions in the retina are necessary to enhance
visual features such as such as edge extractions, detections of relative motion and the
directionality of the motion. Their development shares some factors with horizontal cell
development such as the activation of Foxn4 and Ptf1a, however a pivotal difference is
the activation required activation of NeuroD4 and NeuroD1 in conjunction with coexpression of Pax6 or Six3. Additionally, in order to specify distinct physiological amacrine
cell subtypes, activation of additional basic helix-loop-helix (bLHL) transcription factors
are also critical, such as Barhl2 for glycinergic and Bhlhe22 for GABAergic amacrine cells.
Many more subtypes of amacrine cells exists (40+)293, however describing their specific
genetic mechanism of development is beyond the scope of this introduction. Critical
transcription factors involved in amacrine cells development is summarize in Table 1.2.
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1.14 Bipolar cells
In the retina, bipolar cells are extremely important for interconnecting various
cell types to enable synaptic transmission4. They facilitate a direct connection between
photoreceptor cells and RGCs while laterally interacting with horizontal and amacrine
cells4. Their cell body is located in the INL and their projections are found in the IPL as well
as OPL4 (Figure 1.3). Bipolar cells originate from Otx2 positive and Prdm1, (Positive
regulatory domain I-binding factor 1, also known as Blimp1) negative cells that also
express Vsx2

246,294–296

. Their specification is known to involve two different classes of

transcription factors, the bHLH genes Achaete-scute family bHLH transcription factor 1
(Ascl1 also known as Mash1) and NeuroD4, as well as the homeobox gene Vsx2248,297. In
the context of bipolar cell specification, the combinatorial effect of bHLH and homeobox
transcription factors will define the bipolar fate. While bHLH transcription factors act as a
neuronal fate determinants, the homeobox transcription factor confers positional
identity to the RPC297. In line with this idea, Vsx2 is expressed in all dividing RPC and its
expression persists in differentiated bipolar cells. In mice KOs for Vsx2, bipolar cells are
completely missing246. Additionally, in Ascl1 mutants, no defect is found in the
specification of these cells, even though bipolar cell differentiation appears delayed and
Ascl1 misexpression only stimulates RPC to differentiate into rod photoreceptor cells298.
Likewise, NeuroD4 mutant retinas do not display any defects, while NeuroD4
misexpression leads to rod photoreceptor cells297. However, in Ascl1 and NeuroD4 double
mutants, bipolar cells are completely absent, and their RPC have their fate directed
towards Müller glial cell299. Moreover, misexpression of in Ascl1 NeuroD4 and Vsx2 in
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RPCs leads to effective bipolar cell formation297. The outlined combinatorial effect of
different genes is a common mechanism to specify neuron cell types in the retina297.
Bipolar cells continue to mature into different subtypes. The mechanism that
modulates this additional maturation step relies on lamination cues expressed by other
retinal neurons, specially amacrine cells300. Some studies have defined additional
transcription factors regulating the maturation of these subtypes. The maturation of OFFcone bipolar cell requires additional expression of the bHLH transcription factor, Bhlhe22
and the homeobox gene visual system homeobox 1 (Vsx1), while rod-bipolar cell
maturation requires the expression of bHLH gene basic helix-loop-helix family member
E23 (Bhlhe23 also known as Bhlhb4)292,301–303.
In summary, bipolar cells are critical for transmitting the information from the
photoreceptor cells to RGC. During this process, photoreceptor signals are processed in
inhibitory interactions with horizontal and amacrine cells (previously discussed). Bipolar
cell specification requires the coordinated activation of transcription factors, bHLH genes,
Ascl1 and NeuroD4 and the homeobox gene Vsx2. Additionally, after specification, bipolar
cells will differentiate and maturate into different subtypes depending on lamination cues
express by other neuronal cells in which they maintain active interactions such as
amacrine cells. Critical transcription factors involved in bipolar cells development is
summarize in Table 1.2.
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1.15 Müller glia
The Müller glia cells are the last cells to be generated in the retina. They are
mainly derived from the common pool of retinal progenitor cells. However, a
subpopulation of Müller glia have been shown to originate from neural crest cells304.
Müller glia accounts for approximately 5% of the cells in the retina305. They are localized
throughout the retina, which is critical for their symbiotic relationship with adjacent
neurons306 (Figure 1.3). They are necessary for serving as promoters of retinal growth and
histogenesis, partake in maintenance of retinal homeostasis and visual function, guiding
developing axons of neurons in the retina and recently have been implicated as being
second source of visual pigment cells during regeneration307–310.
The specification of Müller cells requires a coordinated action of the Notch-Hes
signaling pathway as well as the activity of the SRY-related HMG box transcription factors
Sox2, Sox8 and Sox9 and the EFTF Rx. The transmembrane receptor Notch1, the
homeobox gene Rx and the basic helix-loop-helix genes Hes1 and Hes5 are expressed in
all RPC but downregulated in differentiated neurons, except in RPC slated to become
Müller glial cells252,311. Loss-of-function experiments for Notch1, Hes1 or Hes5 reduces
glial cell number in the retina, in contrast, gain-of-function for Rx, Notch1, Hes1 or Hes5
promoted Müller glial fate increasing their number in the retina252,311. In this context, Rx
is required to maintain Notch1 and Hes1 expression in the presumptive Müller glia and
determine their fate311. Similarly, the SRY-related HMG box transcription factors Sox2,
Sox8 and Sox9 are expressed in neuroblasts during early retina development, however,
after differentiation their expression is restricted to Müller glia cells, except Sox2 which
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is also express in amacrine cells312–314. Downregulation of Sox2, Sox8 or Sox9 impairs glial
cell development312–314. Inactivation of Notch1,Hes1 as well as Sox transcription factors
promotes rod photoreceptor formation at the expanse of Müller glia cell313,314. Thus,
Notch-Hes signaling is required to regulate the expression of Sox transcription factors in
order to inhibit photoreceptor cell fate313,314.
In conclusion, Müller glial are the last neuron to differentiate in the retina and
are localized in the entire retina which is key to their function of promoters of retinal
growth and homeostasis. Their specification requires the activation of the Notch/Hes
pathway by the EFTF homeobox gene Rx and ultimately activity of Sox transcription
factors to promote a Müller glia cell fate. Critical transcription factors involved in Müller
glia development is summarize in Table 1.2.

1.16 Photoreceptor cells
In the mature retina, photoreceptor cells are critical for detecting the light and
transducing it into visual signals4,248,315. They include two different populations of cells,
rod photoreceptor and cone photoreceptor cells245,312. They are highly specialized
neurons whose cell morphology can be divided into three distinct regions, inner segment,
outer segment and cell body312. The inner segment and the cell body are located in the
ONL and their axonal processes which extend to the OPL to interact with bipolar and
horizontal cells312 (Figure 1.3). Their outer segments contain a complex stack of disks filled
with opsins and voltage-gated sodium channels (discussed below) that are located in the
outer segment layer312.
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Morphologically, rod photoreceptor cells are longer and narrower than cones
photoreceptor cells312. Rods are extremely sensitive to light and can be trigger by a single
photon, thus they are responsible for low light and night vision312. Conversely, cones
require brighter light and respond to a specific wavelength, thus are responsible for colorvision315–317. Humans contain three different types of cones photoreceptor cell which
respond to light of short (S-cones/blue), medium (M-cones/green), and long wavelengths
(L-cones/red)316,317. However, species such as zebrafish318 and birds319,320 contain a fourth
type of cones that responds to wavelengths of UV-light (UV-cones).
The human retina contains, in the region of the fovea, 20 times more cones than
rods and is therefore considered a cone-rich retina321. The zebrafish retina is also conerich322, however, the rod/cone ratio varies among species, dependent on whether that
species evolved being primarily diurnal or nocturnal323. Nocturnal animals, such as owls320
or mice324 have a higher proportion of rods than humans and zebrafish to aid with night
vision.
In the past years, the molecular mechanism underlaying photoreceptor cell
development has been clarified. These early experiments helped provide evidence that
the control of the photoreceptor fate relies on an intrinsic potential “clock” as well as cellto-cell interactions315. Using cell culture experiments, it was shown that factors present
in postnatal rat or mouse retina, such as taurine325, retinoic acid326, activin327 and
Shh328,329 stimulated the expression of rhodopsin (Rho) in the cells. However, where in
the process of photoreceptor specification these factors act and how photoreceptor
specific genes and neural determinants interact to give rod or cone fate still remains
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elusive4,248. In addition to these soluble molecules, the Notch signaling has also been
involved in the transition of multipotent neuroretina cells to photoreceptor progenitors.
Notch signaling is required to maintain proliferative capabilities of the neuroretina
progenitors’ cells330–332, however, an unknown factor in a subset of progenitors inhibits
Notch signaling, thus allowing the induction of Otx2 expression314,330,333,334.
Photoreceptor cell fate determination requires the expression of the homeobox gene
Otx2335. Otx2 activates Prdm1 to inhibit the expression of Vsx2294–296,336. Vxs2 is a potent
inhibitor of photoreceptor-specific genes337–339 and its inhibition allows Otx2 to
transactivate the expression of the homeobox transcription factor Otx related family
member, the Cone-rod homeobox protein (Crx)340–342. Crx is required for the development
and maintenance of rods and cones340,341. Its function is evidenced in Crx KO mice343,
which fail to develop photoreceptor outer segments. Furthermore, CRX mutations in
humans are associated with the development of cone-rod dystrophies, Leber’s congenital
amaurosis and Retinitis Pigmentosa (RP)344–346. Another transcription factor that is also
implicated in providing photoreceptor potential to progenitor cell is Pax6315. Pax6 mutant
retinas fail to activate the expression of the transcription factor Crx347, suggesting that
Pax6 is somehow required for the activation of the photoreceptor cell program.
Several studies have focused their efforts to provide an insight into the
mechanism that promotes cone or rod subtype fate decision, which seems to be
downstream of Otx2 and Crx315. In rod cell fate determination, Otx2 and the nuclear
receptor Rorb (Rorb) are necessary to activate the expression of the neural retina leucine
zipper (Nrl) transcription factor348. Nrl is responsible for activating the orphan nuclear
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receptor, Nr2e3348 which in turn drives expression of rod-specific genes, such as
rhodopsin (Rho), the a subunit of rod cGMP phosphodiesterase (Pde6a), and the a subunit
of rod transducin (Gnat1). Nr2e3 also inhibits the expression of cone-specific genes such
as S-opsin, cone arrestin (Arr3), the b subunit of the cone cyclic nucleotide-gated channel
(Cngb3), the a subunit of the cone cyclic nucleotide-gated channel (Cnga3) and the g
subunit of cone transducin (Gngt2)349–351. Nrl -/- mice, lack expression of Nr2e3 leading to
rod cells switching their fate and becoming S-cones348. Human NRL mutations are
associated with RP352.
In contrast, cone fate determination is still poorly understood. It is known that
after being specified to a photoreceptor fate by Otx2 and Crx, activation of Rorb and the
thyroid hormone receptor b2 (Thrb2) will determine their differentiation towards the Scones and M-cones, respectively348,353,354. Additionally, different than humans, which
express only one cone-opsin per cone type, mice only have two types of cones (blue and
green) co-expressing both cone-opsin353. Their types are defined by which one of the
cone-opsin is the predominantly expressed353. Mouse Thrb2 KOs lack M-opsin expression,
losing their green cones, however they are still able to differentiate the other cone,
suggesting that Thrb2 might not be sufficient for cone specification354,355. Another
transcription factor expressed in cones is retinoid X nuclear receptor (Rxrg)356. Similar to
Thrb mutants, Rxrg mutants only have problems in the determination of cone-type with
normal M-opsin expression and upregulation of S-opsin357. Thus, green cone
development in mice is similar to rod formation, requiring a transcription factor that
activates M-opsin (Thrb2) and another that inhibits S-opsin (Rxrg) inhibiting blue cone’s
60

fate315. One potential regulator of cone fate identity is the transcription factor Onecut1.
It has been shown that Otx2 and Onecut1 act together to activate the expression of
Thrb2284,358,359. Onecut1 overexpression results in increased number of cones at the
expense of rods358. Similar to Thrb2 mutants, Onecut1/2 double KOs exhibit an initial
decrease in the expression of Rxrg, showing nearly all cones expressing S-opsin and few
cones express M-opsin360. Moreover, mice lacking NeuroD1 also fail to express Thrb2 and
develop cone subtype defects361. Thus, the mechanism of cone type determination may
involve redundant action of transcription factors and the identification of early conespecific markers is still necessary to unravel the mechanism behind their fate
specification315.
The mechanism involved in the fate decision between rods and cones is also still
largely unknown. Two hypotheses have been proposed to explain how these cells chose
the specification of rods or cones. One explanation suggests a bipotentiality of
photoreceptor precursors right after they exit the cell cycle353. Supporting this first
hypothesis are the facts that some rods and cones markers, such as Nrl and Thrb2, have
overlapping expression during development354, Nrl expression in cones only converts part
of them to rods362 and late Nrl deletion in rods only convert part of them to cones363. The
other hypothesis predicts that a factor upstream of Nrl is responsible for the commitment
to rod fate and Nrl will just execute inhibiting cone fate358. This hypothesis could explain
why some rods still differentiate in Nrl mutants and why Nrl overexpression cannot
commit all Crx-positive cells rods364.
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In summary, photoreceptor cell specification relies on Otx2 activity to promote
Prdm1-dependent inhibition of Vsx2. Additionally, Crx activation along with Otx2 will
activate Nrl and Nr2e3 to inhibit cone-specific gene and stimulate rod-specific genes in
rods. In cones, Otx2 and Onecut1 act together to activate the expression of Thrb2, Rorb
and Rxrg to activate green cone-specific genes. However, the mechanism for cone and
rod determination as well as the determination of cone types may involve action of
several transcription factors and the identification of early rod and cone-specific markers
is still necessary. Critical transcription factors involved in rod and cone development is
summarize in Table 1.2.
Table 1. 2. Transcription factor critical specification and differentiation of vertebrate
retinal neurons. Adapted from 4
Retina cell type

Transcription factors express

Retinal progenitor cell

Vsx2, Pax6

Retinal ganglion cell

Atoh7, Brn3b, Dlx1/Dlx2

Horizontal cell

Foxn4, Ptf1a, Onecut1

Amacrine cell

Foxn4, Ptf1a, NeuroD1, NeuroD4

Bipolar cell

Vsx2, Ascl1, NeuroD4

Müller glia

Notch1, Hes1, Hes5, Sox2, Sox8, Sox9

Rod photoreceptor cell

Otx2, Crx, Nrl, Prdm1, NeuroD1, Nr2e3

Cone photoreceptor cell

Otx2, Crx, Rorb, Thrb2, Prdm1, Rxrg, Onecut1
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1.17 Light transduction and visual cycle
Vertebrate image-forming vision relies exclusively on rods and cones, while nonimaging forming vision necessary for circadian cycle regulation relies on photosensitive
retinal ganglion cells (not discussed). As previously mentioned, rods are necessary for lowlight vision, while cones mediate day-light vision and color-vision300. Rods are extremely
sensitive to light, and can respond to stimulus of one single photon, while cones are much
less sensitive to light than rods but have a higher temporal resolution and since there are
many types of cones expressing different pigments with variation in their light spectra
sensitivity, they mediate color vision300.
As previously stated, in mice rods photoreceptor cells constitute approximately
97% of retinal photoreceptor cells, while in humans this number is around 80%. Rod
morphology is highly conserved in mammals. Rods outer segments are on average 1.4 μm
in diameter and 24 μm in length. In contrast, cone outer segments are shorter with a 1.2
μm in diameter and 13 µm length300. Interestingly, both are smaller if compared to the

amphibian’s photoreceptor cells300.
Outer segments are responsible for light detection and transduction and are
composed of a dense stack of membranous discs spaced 28 nm apart300. These densely
packed discs conformation increases the chances of photon capture300. Another
difference between rods and cones is that most of all rods discs (with exception of the
nascent discs at the base of the outer segment) are completely internalized by the cell
membrane, while cone discs are folds of the cell membrane and remains still attached to
it, offering a much larger surface area to exchange between the cell extracellular and
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intracellular domains300. This facilitates pigment regeneration due to a rapid
chromophore transfer and rapid calcium exchange during light adaptation300.
These discs are filled with visual pigment (rhodopsin in rods and cone specific
pigments in cones) and proteins of the transduction pathway. The visual pigment is the
most abundant protein in the discs and its density, around 3mM, is conserved among
vertebrates365. The importance of the visual pigment proteins as a major structural
component is highlighted by the Rho-knockout mouse with fails to develop the outer
segment of rods 366,367.
The inner segment of photoreceptors contains all the organelles required to
maintain the all cell metabolic demands, including the visual cycle, such as the nucleus,
the Golgi apparatus and cytoplasmic reticulum to generate the proteins involved in the
visual cycle as well as densely packed with mitochondria to generate enough energy to
the demanding visual cycle300. All proteins and ATP produced in the inner segment are
destined for the outer segment and must cross the narrow connecting cilium in
between300. At the base of photoreceptors, the synaptic terminal transmits
phototransduced light induced signals to bipolar and horizontal cells to be further
processed by neurons in the retina before being send to the brain via the optic nerve300.
Phototransduction is the conversion of the light signal into an electric signal, a
process well known in rods300,368. In the dark, the rod cell membrane is constantly
depolarized by the action of a cGMP-gated channel which creates a constant influx of
cations and continuous release of glutamate in the synaptic terminal300,369. Different from
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other neurons, rods in their quiescent state are depolarized300. Photon absorption is made
by the visual pigment rhodopsin, a G-protein-coupled receptor (made of three subunits
abg) bound to a chromophore (retinal) 300,368. In its inactive state the chromophore is 11cis-retinal which work as an inverse agonist to rhodopsin, locking it in an inactive state
preventing Rho to activate the phototransduction cascade297. Upon photon absorption,
11-cis-retinal get isomerized into all-trans-retinal triggering the release of Rho
inhibition300,368,370,371. Activated Rho will use GTP and release the enzymatically active GaGTP subunit to activate cGMP phosphodiesterase (PDE) 300,368. In this process, active GaGTP is free to activate more PDE, representing the first amplification step of the
phototransduction cascade300,368. It is known that every lifetime of an active Ga-GTP, 20
PDE are activated372. PDE is a tetrameric guanine nucleotide-binding protein made of 4
subunits, abgg, two of them, ab, catalytic capable and the other two, gg, with inhibitory
affects over the first ones300,368,373,374. When active, ab-PDE separates from its inhibitor
subunits and hydrolyses cGMP into GMP, decreasing its cytoplasmic levels300,368. ab-PDE
catalytic power provides the second amplification step and coupled with Ga-GTP
amplification step, ensures rods high sensitivity to detect a single photon300,368,375. cGMP
is an important component of this cascade working as a messenger, since light absorption
occurs in the membrane of the discs, whereas light sensitivity conduction happens in the
rod cell membrane300,368,376. The decrease in cytosolic levels of cGMP closes the cGMPgated channels, reducing the influx of cations coupled with Na+-Ca2+-K+ exchanger
channels still active and cause a hyperpolarization, which, in turn, prevents the release of
the neurotransmitter glutamate in the synaptic terminal300,368,377.
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Following light activation, the recovery of the photoreceptor is necessary to
ensure another response to the subsequent photon in a process called visual cycle300,368.
This cycle requires the efficient inactivation of every component of the cascade. First, alltrans-retinal is reduced to all-trans-retinol and travels to the RPE cells to be recycled back
to 11-cis-retinal and send to the rod cell to be conjugated to the Rho again300,368.
Additionally, Rho is inactivated in two steps, first by phosphorylation done by rhodopsin
kinases and then arrestin1 (Arr1) binds to it ending its residual activity300,368,378,379. Then,
Ga-GTP is self-inactivated when its GTP is consumed to GDP300,368. And finally, ab-PDE
activity is inhibited by the activity of its gg-PDE subunit after Ga-GDP is released300,368,380.
The cytoplasmic levels of cGMP return to normal levels by the activity of retinal guanylate
cyclase300,368.
At the end of the transduction process, the electric signal prevents the release of
glutamate by the photoreceptor cells. In the synaptic terminal, receptors in the dendrites
of bipolar cells and/or horizontal cells will interact with neurotransmitter released by the
photoreceptor cells to pass on the signal through the retinal neural circuit to the ganglion
cells which synapse with the visual cortex in the brain

300,368

. The details of this

neurotransmission pathway and mechanism is beyond the scope of this introduction.
Transcription factors involved in rod and cone development is summarized in Table 1.2.

1.18 Photoreceptor outer segment renewal and shedding
As previously discussed, the outer segment of photoreceptor cells are organelles
highly specialized in sensing light and responsible for phototransduction. Outer segments
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have a cylindrical shape and it is full of stacked discs filled with light sensing proteins,
opsins, and other proteins involved in phototransduction381. In rods, it is fully enclosed by
the cell plasma membrane381. Due to the high metabolic demand of the
phototransduction, the discs are constantly exposed to photo-oxidative damage381. To
maintain vision, they need to be constantly renewed382,383. New discs are formed at the
base of the outer segment displacing previously synthesized discs at the apical end300. The
shedding of damaged discs in the apical portion of the outer segment triggers
phagocytosis of these discs by the adjacent RPE384–390.
This process is triggered by light and it takes place in the morning384,385,391–393. It
takes approximately eleven days to renew the entire length of the photoreceptor outer
segment394. The rate of shedding and renewal is constant among several vertebrate, in
mouse adult retina, photoreceptors synthesize approximately 75 new discs per day382,395.
In the shedding process, photoreceptor cells interact with the RPE in the outermost part
of the outer segment layer and its interaction is critical for proper nourishment and
homeostasis of photoreceptor cells. In the RPE, damaged discs are internalized and
sequentially phagocyted by the action of a core complex of proteins: CD36 receptor, helps
internalization, the receptor proto-oncogene, tyrosine kinase c-mer (MerTK) and aVb5
integrin to initiate the phagocytosis in the diurnal state222,396–402. Loss-of-function of

human MerTK leads to the development of Retinitis pigmentosa while loss of b5-integrin
results in loss of daily regulation of the phagocytosis with accumulation of lipofuscin in
the RPE396–399,401,402.
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The mechanism by which new discs are transported from the point of synthesis,
in the inner segment, how they cross the connecting cilium and ultimately how they are
added to the outer segment has been debated intensively. In general, two models of disc
renewal transport were previously proposed, the evagination and the fusion models. In
the evagination model, the cell membrane at the base of the outer segment outgrows
forming discrete enclosed discs, initially open to the extracellular space. In contrast, the
fusion model hypothesizes that fusion of cytoplasmic vesicles from the inner segments
are transported or pinched off from the plasma membrane to the outer segment. To
support each model, electron microscopy experiments have been the most valuable
source of information. Steinberg and collaborators employed them to study discs
formation in rods and cones of rhesus monkey, ground squirrel and grey squirrel403. They
found evaginations of the base of the outer segment and each side surface of the
evagination would form the surface of adjacent new discs zippering together to form the
discs403.
At the same time the zippering would live the plasma membrane behind
detaching from the surface403. Recently, with the advance of electron tomography, it was
possible to create 3D reconstructions of the interface region of the inner segment with
outer segment with better resolution to visualize the membrane continuity381. Combined
with the use of genetic markers and antibodies it is possible to define the origin of each
discs and their continuity with the plasma membrane allowing to further strengthen the
evagination model381. These new reconstructions showed new pieces of evidence. First,
they found that the orientation of transmembrane rhodopsin protein suffers an inversion
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in between the newly forming discs and the mature probably due to a fusion of adjacent
newly formed discs, strengthening the fusion model404. However, evidence was also
found supporting that the newly forming discs are a continuous of the plasma membrane
and that they are formed as “open” discs and exposed to the extracellular domain and
are accessible for tannic acid stain, only possible in the evagination model404–406.
Moreover, they did not find any cytoplasmatic rhodopsin-bearing vesicles in the IS or in
the connecting cilium which would be necessary to validate the fusion process405.
These discrepancies, some authors discussed, could be due to failures in the
process of fixation and preservation of structural integrity of the delicate IS/OS interface,
leading to the proposal of the fusion model404–406. Nevertheless, Burgoyne et al.405
described a molecular and cellular machinery driving the formation of new discs. They
proposed the evagination of the plasma membrane would form flattened discs405. In this
process, intracellular hydrostatic pressure would initially be the driven force to evaginate
these discs rather than actin polymerization only405.
Furthermore, adjacent new discs would be closely associated like they were
zippered, however the leading edges would be free for the extracellular domain bound to
the plasma membrane by cadherin-based junctions405. The main component of these
junctions is a photoreceptor-specific cadherin, called CDHR1405. CDHR1 encodes a protein
that belongs to the cadherin superfamily of calcium-dependent cell adhesion molecules
and it was described to be expressed exclusively in the base of the outer segment of
photoreceptors cells, connecting immature discs to the base of the outer segment405,407–
409

. The authors hypothesized that CDHR1 is necessary to stabilize and control the
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evagination process of disc renewal405. However, additional to its role in disc renewal, a
CDHR1 knockout mice also added more evidence of its influence in photoreceptor
development since these mice develop a progressive loss of photoreceptor cells in early
life409 combined with several clinical studies that described CDHR1 mutations in human
associated with inherited retinal disorders407,410–420.
In the third chapter of this dissertation, I provide evidence of a ubiquitinproteasome system (UPS) regulatory mechanism of CDHR1 involved in the regulation of
photoreceptor cell biology. Additionally, I provided an in-vivo example of a vertebrate
photoreceptor cell development modulated by a UPS-regulation of a gene associated with
inherited cone-rod dystrophy and proposed a model in which, the Siah E3 ubiquitin ligases
regulation of Cdhr1a’s protein stability is necessary for zebrafish photoreceptor
development and survival. Thus, this UPS-Cdhr1a regulation may also be involved in the
regulation of the disc renewal process.
In summary, photoreceptor cell outer segments are constantly submitted to
photo-oxidative stress which damages the discs phototransduction machinery. Old discs
need to be phagocyted by the RPE and renewed in the base of the outer segment. Two
models have been created to explain the renewal process and the evagination model
holds the most amount of supporting evidence currently. Finally, proteins such as CDHR1
are necessary for the renewal of photoreceptor outer segment but have been associated
in our own lab with a UPS-mediated regulation of photoreceptor development and
survival.
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1.19 Ubiquitin-proteasome system (UPS) overview
The ubiquitin proteasomal system (UPS) is a highly selective post-translational
modification which plays a role in several cellular processes such as protein quality
control, cell cycle control, proliferation, synaptic plasticity, transcriptional regulation,
signal transduction and the development of several different tissues421–429.
The UPS system involves a 5-step process, starting with the specific
identification of the substrate until its final degradation430. Target proteins are modified
by a covalent attachment of multiple ubiquitin molecules (highly conserved a 76 amino
acids polypeptide) and then degraded to amino acids or small peptides by the 26S
proteasome

430–432

. The first step in this process is the activation of the ubiquitin

molecules by E1-ubiquitin activating enzymes430–432 (Figure 1.4). Humans express 2
different isoforms of the E1-ubiquitin activating enzymes433–435. The activation process
involves a high energy thiol-ester bond between an internal cysteine residue of the E1
and the C-terminal glycine residue of the ubiquitin430–432. Next, the E2 ubiquitinconjugating enzymes transfer the activated ubiquitin to a protein substrate bound to an
E3 ubiquitin ligase enzyme (Figure 1.4). Humans express 38 different isoforms of E2
ubiquitin-conjugating enzymes436,437 and more than one thousand E3 ubiquitin-ligase
enzymes437–439. Clearly, the specificity of this process is driven by the diversity of E2
ubiquitin-conjugating and E3 ubiquitin-ligase enzymes, their combinatorial expression in
various cellular contexts and the extreme specificity of the interaction of the E3 with its
target, which relies on unique amino acid binding motifs430–432 (Figure 1.4). E3 ubiquitin
ligases are currently categorized into 4 families depending on molecular, structural and
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complex formation differences430–432. They are the really interesting new gene (RING)
finger, the homologous to E6AP carboxyl terminus (HECT), the Skp1-Cul1-F box (SCF), and
the anaphase-promoting complex (APC) families427,440,441.
The efficiency for degradation of a targeted protein relies on addition of
multiple ubiquitin molecule to the initial ubiquitin moiety to form polyubiquitin chains442–
444

. For every single new ubiquitin attached in the chain, there is an exponential increase

in the number of different positions that the ubiquitin ligation can occur431. The
attachment of extra ubiquitin molecules uses an internal lysine residue from the
previously attached ubiquitin and every ubiquitin has 7 internal lysine residues available
for additional ligations431(Figure 1.4). Thus, the second ubiquitin will have the 7 locations
plus the N-terminus of the previous ubiquitin, making 8 possible positions, then the third
will have 15 possible positions and so on, making the structure of the ubiquitin chain very
diverse431. This diversity is often used by the cell for specific functions, K-48 linked
ubiquitin chains are often used for protein degradation, while K-63 chains are associated
in signal transduction and DNA repair445–448 (Figure 1.4).
After polyubiquitination, targeted proteins are degraded by the proteasome430.
In the cell, different types of proteasomes co-exist, the 20S and 26S complexes as well as
the immunoproteasome, the latter is implicated in processing of antigens to be presented
by MHC class I molecules (not discussed in this introduction)430. The 20S proteasome is
responsible for the degradation of monoubiquitinated targets without ATP consumption,
while the 26S proteasome degrades polyubiquitinated proteins in an ATP-dependent
manner449,450. They are defined by which of the regulatory particle (19S or 11S) is
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associated with its catalytic core and the composition of its catalytic subunits430. Binding
the regulatory 19S with the catalytic 20S makes the 26S proteasome, while the regulatory
11S with the catalytic 20S makes 20S proteasome430. The best studied proteasome is the
26S, a huge ~2.5-MDa multicatalytic protease430. Its 20S catalytic core is made of four
stacked rings: two outer α-rings and two inner β-rings, the inner β-rings are the
proteolytic rings451–453. Each side of the 20S is capped by the two regulatory 19S, which is
made of 19 different subunits organized into two domains. The base is responsible for
interacting with the 20S and the peripheral lid which in turn is responsible for recognizing
and binding to polyubiquitinated proteins454,455. While most cells contain all different
types of proteasomes, the relative ratio between them is cell-specific and provides
enormous additional diversity456,457.
In conclusion, the UPS system is an intracellular post-translational mechanism to
modulate protein turnover. Its several different components provide high degradation
efficiency while the diversity of its constituents exerts a huge influence in the specificity
of this system. It plays an important role in maintaining cellular homeostasis and is
directly responsible for protein quality control check with degradation of oxidized,
mutated, misfolded, denatured or unnecessary proteins to regulate many different
biological processes and to respond to changing physiological conditions during
development, adult life as well as disease.
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Figure 1. 4. UPS overview and types of ubiquitin chains. Adapted from458.
1.20 UPS system in key features of eye development
As previously stated, the UPS system is involved in many different cellular
processes such as protein quality control, cell cycle control, proliferation, synaptic
plasticity, transcriptional regulation and signal transduction. It is therefore not surprising
to find cases of UPS-mediated control over retinal development. In the eye, ubiquitin is
found throughout the retina, especially in the RGC and RPE, with majority of the ubiquitin
covalently attached to a target protein428,459–462. Numerous studies have been able to
detect the presence of many components of the UPS in the retina using retina-derived
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cell cultures, tissue slices and tissue homogenates, however, a systematic and
comprehensive study of the UPS roles in retina development and pathogenesis have not
been undertaken430. A growing body of data have been unraveling the UPS critical roles
In vertebrate and invertebrate retinal development. E1, E2 enzymes and
proteasomal activity have all been detected in photoreceptor outer segments and while
ubiquitinated rhodopsin and transducin have been isolated461. Additionally, in the RPE
homogenates, histone 2A, oxidized RNase, transducin, and β-lactoglobulin have also been
found in ubiquitinated forms459,460. Despite the discovery of many ubiquitinated proteins
combined with an expanding catalogue of many different E3 ubiquitin ligases present in
the retina, little is known about their function and their targets during retina
development. What we do know about the formation of the retina and its regulation by
the UPS has been extensively studied in the Drosophila model.
It has been showed that UPS-mediated proteasomal degradation control several
aspects of Drosophila eye development. One with critical importance is the organ size,
which is control by a modulation of the Hippo signaling463–466 with degradation of
downstream serine/threonine kinase Warts. This degradation has already been described
by two E3 ubiquitin ligases, dSmurf467 and the anaphase-promoting complex/cyclosome
(APC/C)/Cdh1 224. Another important eye development aspect is the eye synchronized G1
arrest prior to neuronal differentiation control in part by the Hedgehog signaling. The E3
ubiquitin ligase, Ubr3468 modulate the Hh signaling by targeting Costal2 (Cos2).
Additionally, in the process of syncronized G1 arrest, inhibition of Wingless (Wg) signaling
is critical and the APC/C/Fzr complex is responsible for regulating the degradation of NimA75

related kinase 2 (dNek2), a positive Wg modulator469. UPS modulation of key events in
Drosophila eye development is summarized in Table 1.3.
Table 1. 3. Key features of the Drosophila eye development regulated by UPS
components.
Drosophila eye development
event

Signaling
pathway

E3 ubiquitin
ligase involved

Targeted
protein

Ref.

Organ size control

Hippo

dSmurf

Warts

467

Specification of photoreceptor
neurons

Hedgehog

Ubr3

Costal2

468

Ordered patter of proliferation

Hippo

(APC/C)/Cdh1

Warts

224

Synchronized cell cycle arrest in
neurons

Wingless

(APC/C)/Fzr

dNek2

469

Downregulation of cell death

Wingless

Cullin-4

Arm

470

Photoreceptor differentiation

EGFR

Cullin-1

Cic

471

R3/R4 photoreceptor
specification

Notch

Neur

Delta

472

Eye disc growth

Notch

D-mid

Serrate and
Delta

473

R7 photoreceptor specification

-

SINA

Tramtrack

474–476

Apoptosis inhibition

-

DIAP1

Caspases

477

Increase apoptosis

-

Reaper, Hid and
Grim (RHG)

DIAP1

478–484

Increase apoptosis

-

Cullin-3

DIAP1

477

Glial cell migration

-

(APC/C)/Fzr/Cdh1

CG15765
and Dlc90F

485

Cell proliferation

EGFR

Cul3

Cic

486
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The specification of photoreceptor neurons in the Drosophila eye is extremely
significant to me since it involves an UPS enzyme with vertebrate homolog. After the
initiation of the Drosophila eye development, the specification of each photoreceptor cell
will take place in a very stereotyped process. The first photoreceptor neuron to be
specified is the R8477,487. Then, through the epidermal growth factor receptor (EGFR)
signaling, the R8 induces the specification of two cluster of photoreceptor neurons, R2,
R5 and R3, R4477,488,489. Finally, photoreceptors R1 and R6 are going to be specified with
R7 being last. The last cells to be specified are the cone cells477.
Specific to the specification of photoreceptors R3/R4 pair, the Notch signaling is
which also involves ubiquitin modulation. In the case of the specification of these cells,
there is a polarity in the activity of Frizzled (Fzr) signaling, high only in R3 precursor cells472.
This hyperactivation increases the activity of the Neuralized (Neur) E3 ubiquitin ligase.
This ligase was previously490 implicated in the proper internalization of the of Delta
creating a directionality of the Delta/Notch signaling from the R3 precursor to the R4
precursor cell. Then, overactive receptor Notch in the R4 precursor cell will finish with the
establishment of R4 fate472.
Finally, the R7 is the last photoreceptor neuron to be specified and its fate
depends on the activity of a complex involving a E3 ubiquitin ligase, called Seven in
Absentia (SINA) and Phyllopod (Phyl)491,492. Phyl gene is activated in all R1/6/7
photoreceptor neurons by the R8 via lateral activation through a multi-pass
transmembrane protein called bride of sevenless (boss)493,494. However, in R1/6, EGFR
activated proteins, such as Ro and Svp, inhibit Phyl activity to prevent R7’s fate495–497. In
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R7, in another hand, SINA forms a complex with Phyllopod (Phyl) successfully and target
the transcription repressor, Tramtrack (Tram) to degradation474–476. Loss-of-function
mutations of Phyl and SINA force R7 to become cone cells due to accumulation of
Tram475,498,499. Removal of Tram, conversely, results in the commitment of cone cells into
R7’s fate498,499.
Despite the discovery of several E3 ubiquitin ligases involved in Drosophila eye
development, in vertebrates, their involvement in the regulation of many aspects of visual
system development is still remains an open question. In vertebrates, the regulation of
eye development by the UPS system is even less studied, however, some pieces of
evidence have been collected indicating its presence in the regulation of a plethora of
events.
E3 ubiquitin ligases belonging to the HECT family, HERC6 and NEDD4, are express
in RGC and are involved in some aspects of their development. Upon increase of NOoxidative stress by treating RCG-5 cells with S-nitrosoglutathione (GSNO), activate the
expression of the E3 ubiquitin ligase, HERC6, which in turn translocate GAPDH from the
cytosol to the nucleus, leading to its accumulation and subsequently activation of
apoptosis500. Thus, suggesting that NO stress-controls apoptosis by increasing the activity
of HERC6500. Additionally, the other HECT family E3 ubiquitin ligase, NEDD4 is involved in
RGC axon growth cones in Xenopus501. Disruptions of its function with a dominantnegative ubiquitin mutant severely inhibits terminal branching501. In this case, NEDD4
regulates the protein stability of PTEN, a key regulator of terminal arborization in vivo501.
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In mice RGC axonal path development, the RING family E3 ligase Tripartite motifcontaining protein 2 (TRIM2) plays a crucial role by stabilizing neurofilament light subunit
(NF-L)502. In mice TRIM2 mutants, axons in the retina and in the brain become swollen
with the development of axonopathy associated with disorganization of the intermediate
filaments and accumulation of NF-L502. Additionally, these mutants develop a thin INL,
few RGC and a small OPL, however, the ONL, where the photoreceptor cells are located,
remains unchanged502.
Specific to photoreceptor cells, 3 mutations in a substrate adaptor of the Cul3based E3 ligase complex, called KLHL7 was found to be the cause of Retinitis pigmentosa
in six independent families503. Other substrate adaptors of Cullin RING E3 ligase
complexes have been previously associated with the control of cell-cycle progression504
and also with the degradation of dopamine D4 receptor in the brain505. Thus, KLHL7
mutation affect its ability to facilitate the substrate binding and further degradation by
the UPS, accumulating toxic levels inside of metabolic demanding photoreceptor cells
leading to their degeneration503.
Another E3 ubiquitin ligase required for photoreceptor cell survival is the Mouse
double minute 2 homolog (Mdm2)430. Mdm2 is responsible for regulating photoreceptor
and RPE survival by inhibition of the JNK3/c-Jun apoptosis pathway through the
degradation of the transcription factor p53430,506. Additionally, Arrestin1 is capable of
binding to both JNK3 and Mdm2 changing their location from the nucleus to the
cytoplasm, adding one additional layer of regulation in photoreceptor survival507.
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Another the E3 ubiquitin ligase involved in the development of Retinitis
pigmentosa is the Topoisomerase I-binding RS protein (TOPORS)508. TOPORS is involved
in pre-mRNA splicing by targeting the transcription factor p53 to proteasomal
degradation508.

Mutations in TOPORS were found in two families with Retinitis

pigmentosa508.
Additionally, during severe inflammation in mice, photoreceptor cells
downregulate rhodopsin by a UPS-dependent mechanism involving the STAT3-dependent
E3 ubiquitin ligase, Ubr1509. Overactivation of inflammatory cytokines enhances STAT3
activity increasing Ubr1 degradation of rhodopsin to toxic levels and leading to tissue
dysfunction509. Thus, these results points Ubr1 may be used as a therapeutic target during
retinal inflammation found in many retinal inflammatory diseases509.
Two relevant components of the UPS associated with a number of
neurodegenerative disorders have been found to be highly express in the mammalian
retina, Parkin and ubiquitin C-terminal hydrolase L1 (UCH-L1)510. Esteve-Rudd and
collaborators characterized their gene expression and protein localization in the retina of
several mammalian models, such as mouse, rat, bovine, monkey as well as in human
samples510. They found parkin to be express in the photoreceptors, in the INL cells, such
as horizontal, bipolar and amacrine cells, as well as in the RGC. In another hand, in
rodents, UCH-L1 was not found in photoreceptor cells, only in the cells of the INL and
RGC, whereas in the other mammals analyzed, UCH-L1 was also found in the cones510.
Despite the fact that the authors did not identify potential targets or pathway that these
components of the UPS might be involved, since they are involved in neuroprotective role
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in the CNS against a variety of cellular stresses, they pointed to a potential participation
of these proteins in exertion of a protective function against neuronal stress in the
retina510.
Finally, the Seven in absentia vertebrate homolog (Siah) is a E3 ubiquitin ligase
that also have been associated with retina biology in a couple of different pathways. Siah1
was shown to be express in Müller glial cells in response to high levels of glucose causing
a translocation of the GAPDH to the nucleus, p53 phosphorylation and consequent cell
death activation511. Additionally, misexpression of Siah2 in Xenopus causes the
development of small eyes512. Taken together, these results indicate Siah E3 ubiquitin
ligases as potentials target to study retinal development and will be further discuss below.
In conclusion, the UPS system is involved in the regulation of several different
processes in the retina. It has been highly studied in the context of the Drosophila eye
development. However, recently more evidence have been added linking components of
the UPS system as critical regulators of several vertebrate retinal cellular events and
molecular pathways.

1.21 Siah E3 Ubiquitin Ligase
As previously discussed, the ubiquitin-mediated proteasome degradation plays
an important role in regulating protein function in many different eye developmental
stages. The siah family of ubiquitin E3 ligases are homologues to Drosophila Seven In
Absentia (sina), known regulators of Drosophila R7 photoreceptor cell development.
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These E3 ubiquitin ligases have their catalytic activity based on a RING (Really
Interesting New Gene) finger domain513. Additionally, their molecular structure also
contains other evolutionary conserved and functionally distinct domains, the SZF (SIAHtype zinc finger) with a dual zinc finger domain, the SBS (substrate binding site) to
recognize target substrate and the DIMER (Dimerization) allowing for homo/heterodimer
formation between Siah proteins to self-degradae513. The RING domain is localized in the
N-terminus and is responsible for interacting with the E2-ubiquitin conjugating enzymes,
activating the discharge of its ubiquitin cargo427,514. In its C-terminus is located the
substrate binding domains (SBD), responsible for substrate recognition, as well as the SZF,
SBS and DIMER domains513. Most vertebrates encode three Siah paralogs in their genome
(Siah1, Siah2 and Siah3) all equally orthologous of the invertebrate SINA513. Siah3 was the
most recent discovered member of the Siah family513,515,516. It is present in most
vertebrates excluding teleost fish and the squamate division of reptiles (includes snakes
and lizards)513. It was initially discovered to be a negative regulator of parkin515.
Structurally, Siah1 and Siah2 are the most similar, showing high amino-acid identity in its
RING, SZF, SBS and DIMER domains513. Their highest divergence occurs in regions of the
Siah2 N-terminus513. Siah3, in another hand, lacks a catalytically active RING domain,
therefore exhibiting a high degree of divergence when compared to Siah1 and Siah2513.
Additionally, Siah3 contains only a single zinc-finger motif compared to the double zincfinger motif found in the others two513. Pepper and collaborators, investigating each Siah
paralogs’ mRNA expression in different human epithelial cell lines, including cancer cell
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lines, found Siah1 and Siah2 mRNA in all cell lines analyzed, however, Siah3 mRNA was
only found in a small group of human tumorigenic cell lines513.
Thus, it was hypothesized that due to the lack of Siah3 RING domains, it might
act as an endogenous negative regulator of Siah1 and Siah2, since RING-deleted Siah1 and
Siah2 have been used in several studies133,513,517–521 (including ours) as dominant-negative
versions to functionally ablate endogenous Siah1 or Siah2 activities513. However,
endogenous Siah3 functions still remains largely understudied513.
Since their discovery, Siah1 and Siah2 genes have been shown to be involved in
vertebrate axis formation, hypoxia signaling, DNA damage, neuronal cell polarity and
cellular

senescence514,522,523.

Their

expression

responds

to

several

different

environmental and intracellular cues such as oxygen deprivation (hypoxia)524, glucose
deprivation525or elevation511, DNA damage and apoptosis526,527. Siah1 was identified as a
negative regulator of the Wnt signaling pathway522,528. Siah2, in another hand, seems to
be responsible for upregulation of the Fgf signaling downstream factor519.
Despite the clear indication that Siah gene expression can be modulated, few
factors have been implicated as direct Siah activators. Siah1 can be directly modulated by
the transcription factors, Sp1529, p53527 as well as E2F1530. While Siah2 is activated by
estrogen during breast cancer531, as well as Wnt5b532 and vitamin K3533 under different
conditions. Additionally, Siah activity can be modulated by post-translational
modifications, such as phosphorylation. Siah2 phosphorylation of serine 29 and
threonines 24 and 29 by the p38 MAPK534 and serines 16, 28 and 69 and threonines 26
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and 119 by the dual specificity tyrosine-phosphorylation-regulated kinase 2 (DYRK2)535
both under hypoxia condition results in increased Siah2 ubiquitination activity. In
contrast, under normal oxygenation conditions, Siah2 phosphorylation at positions 26, 28
and 68 by homeodomain-interacting protein kinase 2 (HIPK2), decreases Siah2 activity by
weakening its interactions with target proteins536.
Siah2 has been classified as an oncogenic tumor-promoting gene, since it has high
gene expression in several types of human cancers including liver537, pancreas538,
breast539, lungs540, prostate541 and skin519. In contrast, findings for Siah1 have implicated
it as a tumor suppressor542–544. Recently, Siah1 has been implicated in suppressing avian
reovirus infection which causes viral arthritis, chronic respiratory diseases, retarded
growth, and malabsorption syndrome in humans545. Nevertheless, Siah1’s role in cancer
suppression and other diseases is still poorly understood.
In regard to their potential developmental roles, very little is currently known.
Siah proteins have been implicated as key factors for axis formation during the vertebrate
development522 and are associated with responding to hypoxia conditions, DNA damage
and cellular senescence514.
In neurons, Siah1 is known to be able to ubiquitinate the two major components
of the Lewy bodies546, synphilin-1 and a-synuclein, limiting their availability for the
formation of these inclusion bodies547,548. The accumulation of this Lewy bodies is the
hallmark of Parkinson’s disease, a neurodegenerative disorder514. Additionally, Siah1 has
also been implicated in the control of neuronal cell adhesion523. During cell cycle exit in in
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the developing external granular layer of the cerebellum, Siah interacts with partioning
defective-3A family cell polarity regulator (PARD3A), a component of the PAR complex
responsible for cell polarity formation, regulating its stability by UPS-mediate
degradation523. This degradation limits the interaction of PARD3A with junctional
adhesion molecule C reducing cell adhesion and preventing neuron from exiting the
germinal zone523. During hypoxia, Siah2 is a crucial regulator of the HIF-1a activity and
thus, the cellular response to hypoxia524. In low oxygen conditions, HIPK2 phosphorylation
of Siah2 decreases, which increases Siah2 activity stabilizing HIF-1a and increasing the
expression of hypoxia-responsive downstream effectors549. Hence, hypoxia-dependent
Siah2 phosphorylation constitutes an important regulation of cellular response to
environmental stress. Furthermore, Siah2 knockout mice display mild phenotypes such as
a slight increase in the number of hematopoietic progenitor cells550. In Xenopus embryos,
Siah2 misexpression leads to the development of small eye phenotype551. Alternatively,
Siah1 and Siah2 mice double KO is embryonically lethal550. Thus, these results highlights
their essential function in early development as well as their crucial role in maintaining
cellular homeostasis in response to stress514. The exact mechanism regulated by their
actions remain largely unknown.
E3 ubiquitin ligases, like Siah, bind to substrates targeting them for proteasomemediated degradation using a common and conserved binding motif that acts as a
degradation signal or ‘‘degron’’ motif552. The Siah degron has been elucidated to encode
the P-[ARTE]-x-V-x-P, with the core V-x-P constituting residues with highest
conservation553. In order to determine whether Siah mediated ubiquitin-targeting plays a
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role in eye morphogenesis and retina differentiation, we screened the zebrafish
proteome for Siah degron motifs and identified 2 potential targets related to eye
development, Nlz2 and Cdhr1a.
Zebrafish is an excellent model for studying the molecular mechanism driving eye
development, due to the availability of cutting-edge powerful genetic tools for zebrafish
providing easy knock-in/outs and transgene generations. Additionally, zebrafish embryos
rapidly develop, shortening the time of the studies and the size of the laying clutch give
enough statistical power. Moreover, zebrafish embryos initially develop transparent
which combined with fluorescent transgenic lines can provide in vivo staining to track
specific cellular populations. Beside zebrafish, embryo and adult, have an innate
regenerative capacity offering a unique opportunity to study cellular and molecular
processes happening after injury which is lacking in mammalian species. In this context
several questions regarding the post-translational regulation of critical regulators during
eye development in vertebrate can be answered. Questions, such as how the precise
timing of Pax2 gene expression is controlled by cells of the OS? Which morphogen is
involved directly in the regulation of the fusion process? How genes previously identified
as the genetic cause of inherited retinal dystrophies, are critical to developmental
processes in retinal development? How the stability of critical proteins for photoreceptor
cell is controlled by the cell?
The work presented here start to address these questions in the context of
zebrafish eye morphogenesis and photoreceptor development. In Chapter 3, I describe
my work in defining the post-translational control of the molecular mechanism regulating
86

optic fissure fusion. In this paper, I described the Siah-mediated UPS degradation of Nlz2,
the transcription factor inhibitor of Pax2, critical for proper optic fissure closure. Finally,
Chapter 4 describes my work on post-translational control of photoreceptor cell
development. In this paper, I provide the first evidence that Siah-mediated UPS
degradation of Cdhr1a is involved in photoreceptor development, a gene previously
involved in cone-rod dystrophies, providing new ways to investigate the origin of this
inherited retinal dystrophies. In summary, my work describes new post-translational
mechanism involved in the regulation of key elements of eye development, improving our
understanding of the predisposition and pathogenesis of Coloboma and inherited conerod dystrophy.
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CHAPTER 2.
2.1

METHODS

Zebrafish and embryo maintenance
Zebrafish husbandry used in all procedures were approved by the University of

Kentucky Biosafety office as well as IACUC Policies, Procedures, and Guidelines (IACUC
protocol 2015-1380). AB and TL strains were used as wild-type. Rx3:GFP transgenic line
was use to visualize retinal morphogenesis, while to visualize rod and cone
photoreceptors were: Tg[XlRho:EGFP] (XOPS:GFP)554 and Tg[3.2TaC:EGFP] (TαC:EGFP)555
respectively. Embryos were kept at 28oC in E3 embryo media. At indicated times, embryos
or larvae were anesthetized in tricaine and fixed with 4% PFA in PBS overnight at 4oC.

2.2

MG132 treatment
MG132 is a cell-permeable peptide aldehyde also known as carbobenzoxy-L-

leucyl-L-leucyl-L-leucinal capable of reversibly inhibiting different types of proteases as
well as strongly inhibiting chymotrypsin activities of proteasomes for being a potent
transition-state inhibitor556,557. MG132 is toxic to cells and organisms in high
concentrations or if used in prolonged periods of treatment causing cell death and it is
recommended to titrate the optimal concentration556,557. In the market, more specific
proteasome inhibitors are available such as the clasto-lactacystin b-lactone (β-lactone)
which does not affect cysteine or serine proteases556, however our choice to use MG132
took into consideration its wide use in previous studies, its reversibility and low cost
compared to other proteasome inhibitors.
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For the eye morphogenesis study, embryos were incubated in embryo media
with 12.5µM of MG132 in Dimethylsulfoxide (DMSO) starting at 10hpf. DMSO is widely
used to dissolve chemicals and in zebrafish treatments with up to 1% of DMSO in 2–4 cell
stage to 7 dpf displayed no significant toxicity and lethality558. For the photoreceptor cell
development study, embryos were transferred at 52 hpf (3 hours post heat shock) into a
35 mm petri dish containing 5 mL E3 embryo media plus 12.5 µM MG132 (Sigma-Aldrich),
or an equal volume of vehicle (DMSO) until 72 hpf. The treatment was refreshed at 61
hpf, immediately after the second heat shock. At 72 hpf, embryos were anesthetized in
tricaine and fixed with 4% PFA in PBS overnight at 4oC and washed with PBS with 0.5%
Tween-20 (PBS-T) 3 times for 10 minutes.

2.3

Whole-mount in situ hybridization (WISH)
Whole-mount in situ hybridization was performed as previously described

559

.

RNA probes were generated using PCR with T7 promoter sequence and subsequently
transcribed [DIG or FITC labeled] using T7 polymerase (Roche). Primer sequences can be
found in Table 2.1. Images were captured using a Nikon Digital sight DS-U3 camera and
Elements software. Dissected eyes from 24, 32 and 48 hpf embryos were mounted in 70%
glycerol and imaged under DIC using a Nikon TiE compound microscope equipped with a
20X (0.95NA) objective and Elements software. Image adjustment was performed using
Adobe Photoshop.

89

2.4

Fluorescent whole-mount in situ hybridization (FWISH)
Fluorescence whole-mount in situ hybridization was performed as a modification

from previously described560. Embryos were permeabilized with 10mg/mL Proteinase K
for 30 minutes for 3 dpf embryos, 60 minutes for 4 dpf embryos, and 75 minutes for 5 dpf
larvae. Digoxigenin (DIG) and fluorescein labeled (FITC) probes were synthesized by using
DIG and FITC RNA labelling kit (Roche). Primer sequences are listed in Table 2.1. AntiDigoxigenin-AP, Fab fragment (ROCHE) and anti-fluorescein-AP, Fab fragment (Roche)
antibodies, Fast blue (SIGMA) and Fast-red (SIGMA) were used to detect the hybridization
signal. Fluorescent images were collected using confocal microscopy.

2.5

Immunohistochemistry (IHC) and TUNEL Assay
For laminin whole-mount IHC, dechorionated embryos were fixed with 4% PFA in

PBS at room temperature for 3h and washed with PBST 3 times for 10 minutes. Embryos
were then permeabilized with Proteinase K, 30mg/mL 15 minutes for 24 hpf, 50mg/mL
30 minutes for 48 hpf and 75mg/mL 30 minutes for 72 hpf, washed 3 times in PBST for 5
minutes and blocked overnight at 4oC with 10% sheep serum, 0.8% Triton X-100 and 1%
BSA in PBS. Primary rabbit anti-laminin antibody (ThermoFisher – 1:100) in blocking buffer
(1% sheep serum, 1% BSA and 0.8% Triton X-100 in PBS) was incubated overnight at 4oC
and washed 5 times in PBST for 10 minutes. Secondary antibodies, donkey anti-rabbit
(Alexa Fluor® 555 – Abcam – 1:1000) or goat anti-GFP Dylight 488 (Rockland – 1:500) and
DAPI 1:1000, were incubated for 1h at room temperature in the dark. The embryos were
washed 5 times in PBST for 10 minutes and visualized. IHC on sections was conducted as
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previously described561 and imaged on a confocal microscope (Leica SP8, Leica). The
following antibodies were used: anti-zCDHR1a (CDHR1a, rabbit, 1:100, Bosterbio,
Pleasonton, CA), anti-zSiah1 (Siah1, rabbit, 1:100, Bosterbio, Pleasonton, CA), anti-Huc/D
(ganglion and amacrine cells, mouse, 1:40), anti-PKCα (bipolar cells, mouse, 1:100, Santa
Cruz Biotechnology, Dallas, TX), anti-Prox1 (horizontal cells, rabbit, 1:1000, Acris, San
Diego, CA), anti-PCNA (cells in S-phase, mouse, 1:100, Santa Cruz Biotechnology, Dallas,
TX), and activated caspase 3 (apoptotic cells). Alexa fluor conjugated secondary
antibodies (Invitrogen, Grand Island, NY) and Cy-conjugated secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) were used at 1:200 dilution and DAPI to label
nuclei (1:10,000, Sigma, St. Louis, MO). TUNEL assay was conducted with ApopTag
Fluorescin Direct In Situ Apoptosis Detection Kit (Millipore, Billerica, MA) on retinal
cryosections according to manufacturer's instructions.

2.6

Heat shock inducible transgenic zebrafish lines
Tg[hsp70:Siah1], Tg[hsp70:Siah1ΔRING], were generated by amplification the full

coding region (Siah 1: Ensembl transcript ID: ENSDART00000026679.8) from 72hpf
zebrafish cDNA. The dominant negative Siah1 construct, Siah1ΔRING, was previously
described133. Both constructs were amplified with primers (Table 2.1) containing attB for
Gateway cloning into pDONR221 using BP Clonase II (Invitrogen). pDONR221 clones were
verified by sanger sequencing (eurofins). Using Gateway LR Clonase II, according to the
manufacturer's protocol, (Invitrogen), pDEST constructs pDestTol2CGred (red heart
marker) (gift from Dr. Allison) were combined with pDONR221 plasmids, the 5’ element
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heat shock promoter plasmid (p5E-hsp70) and the 3’ element (p3E-polyA) plasmid.
Positive clones were verified by sanger sequencing (eurofins). Verified constructs were
injected (50pg) along with Tol2 mRNA (100pg) and dextran-red into zebrafish zygotes.
Transgenic founder embryos were screened at 48-72 hpf for heart marker fluorescence.
Founders were outcrossed to wild-type and screened for germline transmission to create
the F1 generation.

2.7

Heat shock experiment design
For heat shock at all developmental stages, groups of 50 embryos were incubated

at 38oC for 30 minutes using a recirculating water bath. Embryos were then removed from
the water bath and placed back in the 28oC incubator in fresh EB media.

2.8

Cryosection
For cryosections, WISH stained zebrafish embryos were imbedded in 10% sucrose

in PBS for 3h at room temperature and then imbedded in 30% sucrose in PBS overnight
at 4oC. Subsequently, they were transfer into optimum cutting temperature (O.C.T.Tissue-Tek®) for 10 minutes and then into molds containing fresh O.C.T. for proper
positioning and frozen at -80oC. 10 micron-cryosections were obtained using a cryostat
(LEICA CM1900). Sections were placed on slides (VWR – Microscope slides) and dried at
room temperature, mounted with 50% glycerol in PBS. Images were captured under DIC
using a Nikon TiE compound microscope equipped with a 20X (0.75NA) objective and
Elements software. Image adjustment was performed using Adobe Photoshop.
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2.9

Confocal Microscopy
2 color FWISH, laminin whole-mount IHC staining as well as GFP mRNA injected

embryos were imaged using a Nikon C2+ confocal microscope equipped with a 20X
(0.95NA) water immersion objective. Embryos were embedded in 1% low melting point
agarose on glass bottom 35mm dishes (Fluoro dish, Precision Instruments). Images were
captured using Nikon Elements software and manipulated using Adobe Photoshop. Fiji
software (https://fiji.sc) was used to measure the fluoresce intensity of GFP signal. For
section IHC, the slides were mounted in 40% glycerol (PBS) with coverslips and then
imaged using either a Nikon C2 confocal under the 20X (0.95na) and 60X (1.4na)
objectives or Leica SP8 confocal under the 20x (0.7na) objective. Images were adjusted
for contrast and brightness using Adobe Photoshop.

2.10 Cloning and mRNA synthesis
Full

coding

domain

sequences

for

Siah1

(Ensembl

transcript

ID:

ENSDARG00000030871), Siah2l (Ensembl transcript ID: ENSDARG00000044381), Nlz2
(Ensembl transcript ID: ENSDARG00000018492), Pax2a (Ensembl transcript ID:
ENSDARG00000028148) and Cdhr1a (Ensembl transcript ID: ENSDART00000026679.8)
were amplified and cloned into pCS2+. Siah1DRING and Siah2lDRING were generated
using overlapping PCR and cloned into pCS2+ (ThermoFisher). Cdhr1aLMA was generated
by site directed mutagenesis of the WT cdhr1a construct and verified by sequencing
(eurofins), then cloned into pCS2+.GFP-VSP and NxN constructs were amplified from
pCS2-EGFP and cloned into pCS2+. MYC tag was fused to the C-teminus of siah1 and
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siah1DR using PCR and subsequently cloned into pCIG2 523. FLAG tag was fused to the Cterminus of nlz2, CDHR1a and Cdhr1aLMA using PCR and subsequently cloned into pCIG2.
Primer sequences can be found in supplementary Table 2.1. All constructs were verified
by sanger sequencing (Eurofinsgenomics). mRNA was synthesized from linearized pCS2
constructs using SP6 mMessage mMachine kit (Ambion) and purified using YM-50
Microcon columns (Amicon, Millipore). mRNA concentration was quantified using
spectrophotometry. The mRNA was diluted using nuclease-free water and embryos were
injected into the yolk of the embryo at single-cell stage.

2.11 Real-time quantitative PCR (qPCR)
Primers for Pax2a and the endogenous control (GAPDH) were design using
Primer3Plus

(https://primer3plus.com/cgi-bin/dev/primer3plus.cgi)

and

validated.

Primer sequences can be found in supplemental Table 2.1. Total RNA was isolated from
batches of 100 embryos at 24 hpf using TRIzol (Invitrogen) injected with Siah1 (300pg),
Siah1DRING (300pg), Siah2l (500pg) or Nlz2 (100pg) or co-injected Siah1 (300pg) + GFPVSP (12.5pg), Siah1 (300pg) + Nlz2 (12.5pg) and Siah1 (300pg) + Nlz2NXN (12.5pg). At least
three independent biological replicates were performed for each treatment. cDNA was
synthesized with 1µg of total RNA using SuperScript reverse transcriptase (Invitrogen).
cDNA was quantified using an Epoch Microplate Spectrophotometer (BioTek Instruments)
and diluted to 100ng/ml. Quantitative PCR was performed in triplicates using iTaq™
Universal SYBR® Green Supermix (Bio-Rad), total reaction of 10ul on a CFX Connect Real
Time System (Boi-Rad). Melting curve analysis was done to determine the specificity of
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the primers. The results were analyzed using the standard DDCt method. GAPDH was
used as a reference gene in all analyses.

2.12 Transfections and western blot
For HEK 293 cells transfections, full coding domain sequences for Siah1,
Siah1DRING, Nlz2, Nlz2NXN, CDHR1a and CDHR1aLMA were amplified and cloned into pCIG2
using In-Fusion HD cloning Plus (Takara). Primers for Siah1 and Siah1DRING included a
MYC tag while primers for Nlz2, Nlz2NXN, Cdhr1a and Cdhr1aLMA included a single FLAG
tag. All constructs were verified using sanger sequencing. The HEK 293 cells were cultured
at 37oC in DMEM media until they 80% confluency and transfected using TransIT®-LT1
Transfection Reagent (Mirus) at 37oC for 24h. Where indicated, treatment with 10μM of
MG132 for the last four hours of transfection was performed. Western blotting was
performed as previously described133.

2.13 Co-Immunoprecipitation essay
HEK 293 cells were transfected using TransIT®-LT1 Transfection Reagent (Mirrus)
at 37oC for 24h with a combination of plasmid previously described133. The cells were
lysed in 100ml of TCL buffer containing 50 mM Tris pH = 7.5, 150 mM NaCl, 1% Triton, 1
mM Na3VO4, 10 mM NaF, PMSF, Aprotinin, Leupeptin, 1% SDS, and 10 mM MG-132 boiled
at 95oC for 10 minutes. Then, more 900ml of TCL buffer without SDS was added to each
sample and centrifuged for 10 minutes at 13,000 rpm to clean up. Protein concentrations
were determined by Bradford assay562 and an equal amount of protein (1000mg) were
added to 40ml of a 2:1 mixture of sepharose beads CL 4-B (SIGMA - CL-4B-200) to Protein
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A sepharose CL-4B (GE Healthcare - 17-0780-01). 1 mg of mouse anti-FLAG (Sigma)
antibody was added to the mix and incubated overnight at 4oC in shaker. Beads were
collected by centrifugation and washed with 500ml of TCL buffer 3 times for 5 minutes at
0.5g and the immunocomplexes were eluted in 24ml of Laemmli Sample Buffer (SigmaAldrich) and incubated at 95oC for 5 minutes. The immunocomplexes were then subjected
to Western blot analysis using a combination of rabbit anti-MYC (Sigma 1:750) and mouse
anti-FLAG (Sigma 1:750) or rabbit anti-HA (Santa Cruz - sc-805 - 1:1000) in 5% milk in TBST. b-tubulin was used as a loading control for this experiment. Blots were scanned using
Li-COR Odyssey infra-red imaging system.

2.14 Statistical analysis
Two-factor analysis was done by Unpaired Students t-test using GraphPad
(https://www.graphpad.com). Data are shown as mean ± St. dev. By conventional criteria,
a P value of less than 0.05 was considered significant. ANOVA analysis was performed
using Prism8.

96

Table 2. 1 List of primers sequences.
Primers

WISH probes

Cloning

qPCR

attB primers

Primer sequence (5’ to 3’)
Forward: ATGGACGAAGAAATGAGTCGC
Siah1
Reverse: TAATACGACTCACTATAGGGTCAGCACATAGATATGGTGAC
Forward: ATGAGCCGTCCGTCCTCTGCG
Siah2l
Reverse: TAATACGACTCACTATAGGGTTAGCACATAGAGATGGTCAC
Forward: ATGATCACATCGCCCTCTGCT
Nlz2
Reverse: TAATACGACTCACTATAGGGGCAGCCCAGTGAGCTGGCAG
Forward: ATGGATATTCACTGCAAAGCAG
Pax2a
Reverse: TAATACGACTCACTATAGGGCTAGTGGCGGTCATAGGCAGTG
Forward: ATGAAGAATGCAAGGGAAATA
CDHR1a
Reverse: TAATACGACTCACTATAGGGTCCTTCTGGACTGATTTCCAATGC
Forward: TAATTACGACTCACTATAGATGGACGAAGAAATGAGTCGC
Siah1 sense
Reverse: GCACATAGATATGGTGACGTT
Forward: TAATACGACTCACTATAGATGAGCCGTCCGTCCTCTGCG
Siah2l sense
Reverse: TGATGGCCGCTGCAACACCGT
Forward: CATATCGATATGGACGAAGAAATGAGTCGC
Siah1 MYC
Reverse: ATGCTCGAGCTACAGGTCCTCCTCCGAGATCAACTTTTGTTCGCACATAGATATGGTGACGTTAATG
Forward: CATATCGATATGAGCCGTCCGTCCTCTGCG
Siah2l MYC
Reverse: ATGCTCGAGTTACAGGTCCTCCTCCGAGATCAACTTTTGTTCGCACATAGAGATGGTCACGTTG
Forward: CATATCGATATGATCACATCGCCCTCTGCTTC
Nlz2 FLAG
Reverse: ATGCTCGAGTCACTTATCATCGTCGTCCTTGTAGTCCTGGTATCCAAGCGCTGATGCTG
Forward: CATATCGATATGAAGAATGCAAGGGAAATAC
CDHR1a FLAG
Reserve: ATGCTCGAGTCACTTATCATCGTCGTCCTTGTAGTCGTATCGGTTGGCCATGTTTTTC
Forward: CCTCCGAATGCCCCACTCATGGCTCCACCATTGCCAA
CDHR1a LMA FLAG
Reserve: TTGGCAATGGTGGAGCCATGAGTGGGGCATTCGGAGG
Forward: CATGGATCCATGGATATTCACTGCAAAGCA
Pax2a
Reverse: ATGCTCGAGCTAGTGGCGGTCATAGGCAGTG
Forward1: CATATCGATATGGACGAAGAAATGAGTCGC
Reverse1: TCCGACCCAAGCGGAAACAGGCTGGCGA
Siah1DRING MYC
Forward2: TCGCCAGCCTGTTTCCGCTTGGGTCGA
Reverse2: ATGCTCGAGCTACAGGTCCTCCTCCGAGATCAACTTTTGTTCGCACATAGATATGGTGACGTTAATG
Forward1: CATATCGATATGAGCCGTCCGTCCTCTGCG
Reverse1: TCGGCGTGAGAGGAAACAGCGCTGTCA
Siah2lDRING MYC
Forward2: TGACAGCGCTGTTTCCTCTCACGCCGA
Reverse2: ATGCTCGAGTTACAGGTCCTCCTCCGAGATCAACTTTTGTTCGCACATAGAGATGGTCACGTTG
Forward: CATGGATCCATGGTGAGCAAGGGCGAGGAG
GFP-NxN
Reverse: ATGCTCGAGTCAATTCATATTTGGGGCATTCGGCTTGTACAGCTCGTCCATGCC
Forward: CATGGATCCATGGTGAGCAAGGGCGAGGAG
GFP-Nlz2
Reverse: ATGCTCGAGTCATGGACTGACCGGGGTGGATGGCTTGTACAGCTCGTCCATGCC
Forward: TGTGTCAAGCGCTTCCAATG
Pax2a
Reverse: TTCTCTTTTCGCCGTTGGAG
Forward: CCTTATGGCCATGTGTTGAATTGTT
GAPDH
Reverse: AACAATTCAACACATGGCCATAAGG
Forward: GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGACGAAGAAATGAGTCGC
Siah1 attB
Reserve: GGGGACCACTTTGTACAAGAAAGCTGGGTCGCACATAGATATGGTGACG
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CHAPTER 3.

UBIQUITIN-MEDIATED PROTEASOME DEGRADATION REGULATES OPTIC FISSURE FUSION.
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3.1

Abstract
Optic fissure fusion is a critical event during retinal development. Failure of fusion

leads to coloboma, a potentially blinding congenital disorder. Pax2a is an essential
regulator of optic fissure fusion and the target of numerous morphogenetic pathways. In
our current study we examined the negative regulator of pax2a expression, Nz2, and the
mechanism modulating Nlz2 activity during optic fissure fusion. Upregulation of Nlz2 in
zebrafish embryos resulted in downregulation of pax2a expression and fissure fusion
failure. Conversely, upregulation of pax2a expression also led to fissure fusion failure
suggesting Pax2 levels require modulation to ensure proper fusion. Interestingly, we
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discovered Nlz2 is a target of the E3 ubiquitin ligase Siah. We show that zebrafish siah1
expression is regulated by Hedgehog signaling and that Siah1 can directly target Nlz2 for
proteasomal degradation, in turn regulating the levels of pax2a mRNA. Finally, we show
that both activation and inhibition of Siah activity leads to failure of optic fissure fusion
dependent on ubiquitin-mediated proteasomal degradation of Nlz2. In conclusion, we
outline a novel, proteasome-mediated degradation regulatory pathway involved in optic
fissure fusion.
Keywords: optic fissure, SIAH, nlz2, proteasome, pax2, retina, coloboma

3.2

Introduction
Coloboma is a congenital blindness disorder occurring ~ once in every 2077 live

births in the US563. Worldwide it accounts for approximately 10% of pediatric blindness
which makes it the most common childhood blinding disorder currently lacking a
cure154,156,193,564. Although it is known that most colobomas result from failure of optic
fissure (OF) fusion, due to its genetic heterogeneity, the molecular basis of this
developmental defect for most patients remains unclear154,193,563,565,566.
OF fusion depends on several morphogenetic pathways, including retinoic acid
(RA), Sonic hedgehog (Shh), Fibroblast growth factor (FGF), bone morphogenic protein
(BMP) and Wnt signaling156,565. Mutations attributed to these pathways have been
implicated in coloboma cases and helped to create a coloboma gene network156.
Interestingly, many of these pathways converge in the precise timing of regulation of the
paired–box (Pax) transcription factor Pax2. Pax2 is expressed in the ventral optic cup,
99

specifically the OF and optic stalk and is known to be essential for OF fusion567. Loss of
pax2 function in mice, zebrafish and humans (heterozygous) results in OF fusion defects
and ultimately coloboma129,156,568–570.
In 2009, Brown et al, used morpholinos to knockdown Nlz2, a zinc-finger
transcription factor, and documented an increase in pax2 gene expression in addition to
failure of OF fusion184. Furthermore, chromatin immunoprecipitation confirmed that Nlz2
was able to bind to a conserved segment of the pax2 promoter. This finding suggested
that regulation of pax2 expression requires not only proper induction but also repression
during OF fusion. We therefore sought to investigate how Nlz2 is regulated during retinal
morphogenesis.
Fine-scale control of quantitative-spatiotemporal gene expression patterns is
often accomplished by combinatorial regulatory events while the final control checkpoint
often depends on post-translational modifications571. The ubiquitin-proteasomal system
(UPS) is one example of post-translational modification which is well known to play a
pivotal role in regulating protein activity, stability, and function in order to fine-tune gene
expression during development571,572. The Siah family of E3 ubiquitin ligases are members
of the UPS system and are known to play a role in retinal development551,573. Siah is a
vertebrate homologue of Drosophila Seven In Absentia, a regulator of Drosophila
photoreceptor development, in particular specification of the R7 photoreceptor574. In
addition, siah activity is known to be involved in vertebrate axis formation, hypoxia
signaling, DNA damage, and cellular senescence514,575,576. Siah, binds to substrates and
targets them for proteasome-mediated degradation upon recognizing a common and
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conserved binding motif that acts as a degradation signal or ‘‘degron’’: P-[ARTE]-x-V-x-P,
with the core V-x-P constituting residues with highest conservation552. Zebrafish express
two members of this family, siah1 and siah2l, both of which are predicted to recognize
the same degron motif577. Interestingly, the Nlz2 coding sequence contains an
evolutionarily conserved siah degron motif suggesting it is subject to regulation via the
UPS system during development (Table 5.1).
Our present study aimed to investigate the regulation of Nlz2 activity and
ultimately OF fusion by the UPS. Toward this goal our data indicates that Nlz2 function is
subject to UPS regulation via the E3 ubiquitin ligase Siah1 and Hedgehog signaling.
Ultimately this pathway functions to regulate appropriate levels of pax2a mRNA during
optic fissure fusion. By our understanding, this is the first example of the UPS system
playing a role in OF fusion and its connection to Hedgehog signaling.

3.3

Results and Discussion
3.3.1 Nlz2 is a negative regulator of Pax2 gene expression
To confirm Nlz2 is a negative regulator of pax2a expression we injected Nlz2

mRNA into 1 cell zebrafish embryos and subsequently analyzed pax2a expression. Whole
mount in situ hybridization (WISH) analysis of Nlz2 mRNA injections confirmed a dosedependent reduction of pax2a expression (Fig. 3.1A) which was validated by qPCR (Fig.
3.1B). Pax2 is an essential regulator of optic fissure fusion. We therefore sought to
determine whether Nlz2-dependent modulation of pax2a expression levels would have
consequences on optic fissure fusion. Optic fissure fusion in embryos injected with Pax2a,
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Nlz2 or both mRNAs was analyzed by examining the degradation of basement membrane
(BM) as indicated by laminin immunohistochemical (IHC) staining (Fig 3.1C). At 72hpf,
when fissure fusion is largely completed in zebrafish we observed persistence of laminin
in the fissure in both Pax2 and Nlz2 injected embryos but not in controls154,578. This
suggests that both an increase (Pax2 mRNA injected) or decrease (Nlz2 mRNA injected) of
pax2a gene expression has consequences on OF fusion. Co-injection of both Pax2 and
Nlz2 mRNA rescued OF fusion indicating that inhibition of pax2a expression by Nlz2 was
compensated by the injected Pax2 mRNA to levels that were compatible with fissure
fusion (Fig 3.1C). Our data therefore support the previous findings where knockdown of
Nlz2 resulted in fissure fusion failure which we suggest is due to an increase in pax2a
expression. It is well known that Pax2 loss of function is directly correlated to fissure
fusion failure, however, our findings indicate that pax2a gene expression also requires
negative regulatory control for ensuring appropriate levels of expression. We therefore
propose that Nlz2 is a critical modulator of this process and sought out to understand how
Nlz2 itself is regulated.
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Figure 3. 1. Nlz2 regulates optic fissure closure by inhibiting pax2a gene expression. (A)
WISH for pax2a in 24hpf embryos injected with varying amounts of Nlz2 mRNA. OF
associated pax2a signal is decreased in response to increasing Nlz2 mRNA. (B) qPCR
results at 24hpf for pax2a expression ± standard deviation. * p<0.05 compared to uninjected, $ compared to Nlz2 50pg. (C) 72hpf Tg[rx3:GFP] (green) embryos injected with
Pax2a, Nlz2 or Pax2 + Nlz2 mRNA stained for laminin (red) and DAPI (blue). Arrowheads
indicate persistence of laminin signal. Scale bar = 50mm. (D) Proportion of embryos with
failure of fusion (1) or completed fusion (0) ± standard deviation. Region of analysis is
outlined by dashed lines. * p<0.05 compared to un-injected, One-way ANOVA p<0.0001.
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3.3.2 Nlz2 is a target for proteasomal degradation
Proteasomal degradation is a well characterized mechanism for regulating
protein levels which in turn enables precise modulation of biological activity. Siah1 and 2
have both been shown to target a conserved degron motif: Px[ARTE]xVxP. A search of the
zebrafish proteome for this degron sequence revealed 70 potential targets, one of which
was found to be highly conserved in the sequence of Nlz2 (Fig 3.2A, Table 5.1). To
determine whether Siah can directly target Nlz2 for proteasomal degradation, HEK293
cells were co-transfected with nlz2-FLAG, siah1-myc or siah1DR-myc, a deletion of the
RING domain which has been previously shown to not only inactivate Siah, but also act as
a dominant negative, and analyzed via western blot (Fig 3.2B)577. The results clearly show
a significant reduction of nlz2-FLAG, down to 20%, upon co-expression with siah1-myc but
not with siah1DR-myc or upon treatment with a proteasome inhibitor MG132 (Fig 3.2B).
Interestingly, HEK293 cells appear to have minor endogenous Siah activity as observed by
the faint mono-ubiquitinated band of Nlz2-FLAG. Additional and much stronger bands are
obsereved when Siah1-myc is co-expressed with Nlz2-FLAG (Fig 3.2B). Furthermore nlz2FLAG was able to immunoprecipitate siah1-myc and displayed mono as well as polyubiquitination when co-expressed with HA-ubiquitin (Fig 3.2C). Nlz2-FLAG mono and
polyubiquitination appears greatly reduced when co-expressed with siah1DR-myc (Fig
3.2C). We therefore conclude that Nlz2 is a direct target of Siah1 and subject to
proteasomal degradation. Our finding therefore support the idea that Siah1 modulates
Nlz2 activity in order to indirectly modulate levels of Pax2a mRNA during OF fusion.
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Having shown Siah1 can directly target Nlz2 for proteasomal mediated
degradation, we next determined whether Siah1 is catalytically active during zebrafish
retinal morphogenesis. To do so, we employed a GFP reporter assay shown previously to
detect Siah activity in vivo
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. In order for GFP fluorescence to become a readout of

zebrafish endogenous Siah activity we fused the Nlz2 degron motif to the C-terminus of
GFP (GFP-VSP) and injected mRNA into 1-cell embryos. As a control, we also generated a
GFP-degron fusion with a mutation that renders the degron desensetized to siah (GFPNxN). At 24hpf, fluorescence signal in the developing eye was significantly reduced in GFPVSP injected embryos compared to GFP-NxN controls indicating Siah is active during early
eye development (Fig 3.2C). When examining distribution of the GFP-VSP signal we did
not detect any regional concentration of siah activity, rather the entire retina appeared
to contain active Siah. As control, treatment with MG132 restored GFP-VSP signal
throughout the eye, while co-injecting Siah1 mRNA further reduced GFP-VSP signal.
Furthermore, Siah1 co-injection had no effect on GFP-NxN signal. Lastly, co-injection with
Siah1DR led to an increase of GFP-VSP signal due to inhibition of endogenous Siah activity
(Fig 3.2D). Overall, our reporter assay indicates that Siah is in fact active during early
zebrafish retinal morphogenesis and may therefore play a functional role in OF fusion.
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Figure 3. 2. Siah targets Nlz2 for proteasomal degradation. (A) Conservation of Nlz2
“degron” motif sequence. (B) Western blot analysis of nlz2-FLAG protein stability in
response to siah1-myc, siah1DR-myc or siah1-myc + MG132. Actin was used as a loading
control. * indicates potential ubiquitination products. Nlz2-FLAG band intensity
quantification is shown. (C) Co-Immunoprecipitation of nlz2-FLAG co-transfected with
HA-ubiquitin, siah1-myc or siah1DR-myc probed for FLAG (green), MYC (red) and HA
(B/W). * indicates potential ubiquitination. (D) Endogenous Siah activity reporter assay
expression in eyes of 24hpf GFP-NxN or GFP-VSP mRNA injected embryos, +/- 12.5mM
MG132. mCherry mRNA was co-injected for normalization. Scale bar = 50mm (D)
Quantification of normalized GFP fluorescence intensity in the eye ± standard deviation.
* p<0.05 compared to GFP-NxN, # compared to GFP-VSP, One-way ANOVA p<0.0001.
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3.3.3 siah1 and siah2l are expressed in the retina during early eye morphogenesis
Having confirmed Siah activity in the developing eye we next examined
expression of siah and nlz2 during early eye morphogenesis. WISH analysis between 24
and 48hpf indicated that siah1 and siah2l are both expressed homogeneously throughout
the eye and central nervous system (Figure 3.3A). WISH for nlz2 confirmed expression in
the margins of the optic fissure at 24hpf (Fig 3.3A). Interestingly, by 48hpf nlz2 expression
appears to coincide with the first wave of newly differentiated retinal ganglion cells and
no longer with the OF. In order to confirm co-expression between nlz2, pax2a and siah in
the OF, we performed 2-color fluorescent WISH (FWISH) (Fig 3.3B). Confocal sections
clearly indicate co-expression of siah1 or siah2l and nlz2, as well as nlz2 and pax2a in the
optic fissure. All three components of our model are therefore co-expressed and
amendable to interaction. To further investigate the regulation of siah1 expression we
inhibited the retinoic acid, BMP and Hedgehog signaling pathways pharmacologically (Fig
3.3C). Using WISH, and confirmed by qPCR, we observed an upregulation of siah1
expression upon inhibition of BMP signaling and a decrease upon inhibition of hedgehog
signaling (Fig 3.3D). There was no difference upon inhibition of RA signaling. BMP
signaling is known to antagonize Shh during early retinal morphogenesis579, as such, Shh
appears to be a regulator of siah1 expression. In fact, upregulation of hedgehog signaling
(purmorphamine treatment) also resulted in an upregulation of siah1 expression while
smo^hi1640Tg mutant embryos exhibit a decrease of siah1 expression (Fig 3.3C-D).
Hedgehog signaling is known to be essential for proper OF fusion and also pax2a
expression171. We verify this fact in our treatments by analyzing pax2a expression via
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qPCR (Fig 3.3D). Our data indicates that inhibition of hedgehog leads to a decrease in
pax2a expression while activation of hedgehog leads to an increase. Based on our findings
we therefore propose that Shh may indirectly regulate levels of pax2a expression by
maintaining siah1 expression, and therefore modulate activity Nlz2 during OF fusion.
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Figure 3. 3. siah1, siah2l and nlz2 gene expression during eye morphogenesis. (A) WISH
for siah1, siah2l and nlz2 between 24 - 48 hpf. (B) 2 color fluorescent WISH (FWISH) for
nlz2, siah1, siah2 and pax2a. Arrowheads indicate co-localization. (C) siah1 WISH after
treatment with RA (AGN194310), BMP (DMH1), hedgehog (cyclopamie) inhibitors,
hedgehog agonist (purmorphamine) or in smo^hi1640Tg embryos at 24hpf. (D) qPCR
results for siah1 and pax2a expression ± standard deviation. * p<0.05 compared to
respective controls.
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3.3.4 Siah activity is required during embryonic development.
To test our model, we used mRNA injections to regulate the activity of Siah. Siah1
and Siah2l mRNA was used to upregulate siah activity while Siah1DR or Siah2lDR mRNA
served to inhibit endogenous Siah. Injection of Siah1 or Siah2l mRNA had morphological
consequences on early embryo morphogenesis in a dose dependent manner. As did
injections of siah1DR or siah2lDR. In general, we classified 24hpf injected embryos into
four types, WT (I), mild morphological defects (II), posterior defects (III) and anterior
defects (IV) (Fig S1.1). Siah1 or Siah2l injections both resulted in a ~ 50% split between
type I and types II, III and IV. Results of our injections were similar to previous attempts
at modulating Siah activity in zebrafish522. For our analysis of retinal morphogenesis we
exclusively examined type I embryos. In order to ensure the phenotypes observed were
dependent on siah activity, we also treated Siah1 or Siah2l injected embryos with MG132
(Fig S1.1). Inhibition of the proteasome reduced the incidence of type II, III and IV embryos
in both cases, indicating that our mRNA induced phenotypes resulted from Siah activity.
Our results indicate that Siah activity is required for multiple steps during early
development and its levels need to be carefully controlled.
3.3.5 Siah indirectly regulates pax2a gene expression and optic fissure closure
Ultimately, our model predicts that Siah activity will indirectly control the levels
of pax2a gene expression. As such, we sought out to analyze pax2a gene expression upon
modulation of Siah activity. Embryos injected with Siah mRNA constructs were
subsequently analyzed for pax2a expression using WISH. At 24hpf, using WISH and qPCR,
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we observed an increase in pax2a expression upon activation of siah activity, Siah1 or
Siah2l mRNA injection (Fig 3.4A) which was validated using qPCR (Fig 3.4B). This fit our
model where an increase in Siah would result in a decrease in Nlz2 protein activity and
therefore result in an increase of pax2a mRNA. Conversely, when we analyzed embryos
injected with our DR constructs pax2a expression decreased (Fig 3.4A,B). These findings
also fit our model because decreased Siah activity would increase Nlz2 protein levels and
in turn down regulate pax2a expression. Furthermore, proteasome inhibition (MG132) in
control and Siah1 injected embryos had the expected effect of decreasing pax2a mRNA
(Fig 3.4A,B). To go one step further, we also constructed a Siah-desensitized Nlz2 variant
by changing the core degron motif components from VxP to NxN (Fig S1.2). When injected
into controls or co-injected with Siah1, Nlz2nxn resulted in a further decrease of pax2a
mRNA compared to WT Nlz2 (Figure 3.4C,D). Taken together, we conclude that Siah can
indirectly modulate pax2a expression via regulation of Nlz2 protein stability through the
UPS system. We hypothesize that this mechanism ensures that levels of Pax2 remain
optimal thus ensuring proper timing and progression of OF fusion.
As outlined in Fig 3.1C, misregulation of pax2a expression leads to failure
of OF fusion. We therefore analyzed the consequences of Siah-mediated regulation of
pax2a expression on OF fusion. Embryos injected with Siah1, Siah2l or Siah1DR, Siah2lDR
were grown to 72hpf and analyzed for status of fissure fusion by laminin IHC (Fig 3.4E).
When Siah activity was upregulated, (Siah1 or Siah2l mRNA injection) we observed a
persistence of laminin in the fissure at 72hpf in more than 75% of embryos (Figure 3.4F).
We also observed similar results when inhibiting Siah activity upon injection of our DR
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constructs. Both conditions, as shown previously, misregulate levels of Pax2a mRNA. Coinjection Siah1 and Nlz2, resulted in a rescue of fissure fusion in 77.7% of embryos
suggesting that increased levels of nlz2 mRNA compensated for the increase in Siah
activity (Fig 3.4F). Furthermore, co-injection of Siah1 + Nlz2nxn mRNA resulted in an even
higher rate of fusion at 87.5% (Fig 3.4F). Our data therefore confirms that Siah activity
can modulate OF fusion events by indirectly regulating pax2a mRNA levels through Nlz2
protein stability.
In conclusion, we have characterized a hedgehog induced ubiquitin mediated
proteasome degradation pathway responsible for regulating pax2a expression during OF
fusion. In our model (Fig S1.3), Shh induces expression of the E3 ubiquitin ligase siah1
which in turn regulates the levels of Nlz2 protein in the fissure margins to ultimately
control pax2a mRNA levels. As development proceeds, Nlz2 mediated inhibition of pax2a
prevents over activation of Pax2a mediated pathways in order to precisely time the
initiation of fissure fusion (Fig S1.3). By the time fusion is actively occurring, 48hpf, nlz2 is
no longer expressed in the fissure and the window of pax2a regulation is therefore likely
over. These findings open up new avenues of investigation in regard to coloboma etiology
where negative regulation of pax2a expression as well as regulation of the UPS pathway
present as new intriguing candidates for clinical examination.
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Figure 3. 4. Siah activity indirectly regulates pax2a expression. (A) WISH for pax2a after
injection of Siah1, Siah1DR, Siah2l or Siah2lDR +/- MG132 at 24hpf. (B) qPCR results for
pax2a expression at 24hpf. * p<0.05 compared to uninjected. (C) WISH for pax2a gene
expression upon co-injection of Siah1 + Nlz2 or Nlz2nxn. (D) qPCR results for pax2a
expression at 24hpf. * p<0.05 compared to uninjected, @ compared to Nlz2, # compared
to Siah1, $ compared to Siah1+Nlz2. (E) Tg[rx3:GFP] (green) embryos injected with siah1,
siah2l, siah1DR or siah2lDR +/- 100pg Nlz2 mRNA stained for laminin (red) and DAPI (blue)
at 72hpf. Arrowheads indicate persistence of laminin. Scale bar = 50µm. (F) Proportion of
embryos with failure of fusion (1) or completed fusion (0). Region of analysis is outlined
by dashed lines. * p<0.05 compared to uninjected, # compared to Siah1, $ compared to
Siah1+Nlz2. One-way ANOVA p<0.0001.
3.3.6 Supplemental Figures

Figure S1. 1. Siah gain and loss of function modulates zebrafish development. (A) Siah1
or Siah2l mRNA injected embryos were categorized into four groups. Type I:
morphologically indistinct from controls. Type II: mild morphological defects, Type III:
posterior defects, Type IV: anterior defects. Both siah1 and siah2l, as well as the dominant
negative DR constructs induce morphological defects during zebrafish development. (B)
Proportion of each phenotypic group is shown in the graph. The incidence of type II
embryos was dose-dependent and rescued by MG132 treatment.
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Figure S1. 2. Response of nlz2nxn to Siah activity. (A) Western blot analysis of nlz2-FLAG
and nlz2nxn-FLAG stability in the presence of Siah1-myc. Blots were probed for FLAG
(green) and MYC (red). b-tubulin was used as a loading control. (B) Quantification of nlz2FLAG and nlz2nxn-FLAG band intensity. Nlz2-FLAG is compared to nlz2-FLAG + siah1-myc
while nlz2nxn-FLAG is compared to nlz2nxn-FLAG + siah1-myc.
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Figure S1. 3. Model. Co-expression of nlz2, pax2a and siah maintains proper levels of
pax2a mRNA to prevent premature activation of fusion. As development proceeds, nlz2
expression shifts from the border of the fissure and no longer regulates pax2a mRNA
levels. At this point fissure fusion is already initiated and nearing its completion.
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4.1

Abstract
Congenital retinal dystrophies are a major cause of unpreventable and incurable

blindness worldwide. Mutations in CDHR1, a retina specific cadherin, are associated with
cone-rod dystrophy. The ubiquitin proteasome system (UPS) is responsible for mediating
orderly and precise targeting of protein degradation to maintain biological homeostasis
and coordinate proper development, including retinal development. Recently, our lab
uncovered that the seven in absentia (Siah) family of E3 ubiquitin ligases play a role in
optic fissure fusion and identified Cdhr1a as a potential target of Siah. Using two-color
whole mount in situ hybridization and immunohistochemistry, we detected siah1 and
cdhr1a co-expression as well as protein co-localization in the retinal outer nuclear layer
(ONL), and more precisely in the connecting cilium of rods and cones between 3-5 days
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post fertilization (dpf). We confirmed that Siah1 targets Cdhr1a for proteasomal
degradation by co-transfection and co-immunoprecipitation in cell culture. To analyze the
functional importance of this interaction, we created two transgenic zebrafish lines that
express siah1 or an inactive siah1 (siah1DRING) under the control of the heat shock
promoter to modulate Siah activity during photoreceptor development. Overexpression
of siah1, but not siah1DRING, resulted in a decrease in the number of rods and cones at
72 hours post fertilization (hpf). The number of retinal ganglion cells, amacrine and
bipolar was not affected by Siah1 overexpression, and there was no significant reduction
of proliferating cells in the Siah1 overexpressing retina. We did however detect increased
cell death, confirmed by an increase in the number of TUNEL+ cells in the ONL, which was
proteasome-dependent, as MG132 treatment rescued the cell death phenotype. Lastly,
reduction in rods and cones resulting from increased Siah1 expression was rescued by
injection of cdhr1 mRNA, and to an even greater extent by injection of a Siah1-insensitive
cdhr1a variant mRNA. Taken together, our work provides the first evidence that Cdhr1a
plays a role during early photoreceptor development and that Cdhr1a is regulated by
Siah1 via the UPS. This work provides new avenues for investigation into the roles of
CDHR1, and now also Siah1, in the predisposition and pathogenesis of inherited cone-rod
dystrophy.

4.2

Introduction
According to the World Health Organization (WHO), in 2015 more than 253

million people worldwide were visually impaired, of which 36 million were blind. This
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number is predicted to increase to 703 million visually impaired people by 2050580.
Retinal congenital disease is a major contributor to blindness disorders, affecting 4.5
million people worldwide. Congenital retinal blindness is known to be associated with
mutations in over 280 different genes410,581,582. While these mutations encompass various
portions of the eye, aberrant development and improper maintenance of the retina are
the major causes of inherited loss of blindness.
The retina, an extension of the central nervous system, is responsible for not only
detecting incoming light, via photoreceptor cells, but also ultimately conveying that signal
through the optic nerve and to the brain to be interpreted as vision583. Retinal structure
and development are fairly well conserved across vertebrates from human to mouse and
zebrafish584. There are 7 cell types within the retina, which populate 3 nuclear layers.
Differentiation of the neural retina generally begins with the innermost neurons of the
retina: ganglion cells within the ganglion cell layer (GCL) closely followed by or in parallel
with amacrine, bipolar, and horizontal cells of the inner nuclear layer (INL). Müller glia are
the last cells of the INL to differentiate585. The final retinal cells to differentiate are
photoreceptor cells, rods and cones, which are responsible for distinguishing light and
dark as well as color, respectively586. Photoreceptors populate the outer nuclear layer
(ONL) and play an imperative role in detecting light using the outermost portion of the
cell, the outer segment587. Outer segments are comprised of hundreds of stacked disks
which contain the molecular machinery to detect and process light signals via
phototransduction588. Phototransduction is a highly metabolically demanding process
which produces toxic photo-oxidative compounds, requiring outer segments to shed after
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a period of time and be replenished to maintain proper cell length589. Although
photoreceptors are imperative for visual system operation, the function of many genes
hypothesized to play a role in their development and maintenance have yet to be tested
in vivo. Mutations in these various genes can lead to the development of a wide spectrum
of sight-threatening diseases, such as the commonly known cone-rod dystrophies.
Cone-rod dystrophies are a group of inherited retinal diseases that first affect
cone photoreceptors, then rod photoreceptors, or in some cases they are affected
simultaneously590. Generally, the photoreceptors begin to degenerate, causing
progressive loss in visual acuity, color and central vision, and light sensitivity591. In order
to develop therapeutics for cone-rod dystrophies, understanding the currently unknown
mechanism as to how of each of the over 30 genes592 implicated in its onset and
progression is imperative. To do this, most studies have aimed to elucidate the role of
these genes in retinal development and maintenance in vertebrate models such as mouse
and zebrafish593–596. A well-established candidate gene associated with cone-rod
dystrophy which has yet to be explored in a developmental context is photoreceptor
specific cadherin CDHR1.
Several clinical studies407,410,411,413–417,419,420,597,598 have described mutations in
CDHR1 associated with inherited cone-rod dystrophy. Conserved among vertebrates,
CDHR1 belongs to the cadherin superfamily of calcium-dependent cell adhesion
molecules but is exclusively expressed in photoreceptors of zebrafish, chickens, mice and
humans408. CDHR1 encodes an intracellular domain, a transmembrane domain in addition
to six cadherin repeats407. Previous studies using tomography, electron microscopy and
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immunohistochemistry have unequivocally defined CDHR1 localization to the base of
outer segment of photoreceptor cells405,408,409. Additionally, to further determine its
precise location in the junction in between the inner segment (IS) and the outer segment
(OS), Burgoyne and collaborators405 used nanogold cryo-EM to illustrate that CDHR1
forms fibers connecting immature discs at the base of the outer segment. This group
hypothesized that CDHR1 is necessary to stabilize and control the disc evagination process
during photoreceptor cell outer segment assembly and/or maintenance598. A CDHR1
knockout mouse partially supports this hypothesis as well as the correlation of CDHR1
loss of function and cone-rod dystrophy. CHDR1 knockout mice were born with shorter
and disorganized photoreceptor outer segments, followed by a progressive loss of
photoreceptors (50%) in the next 6 months of life409.
While previous studies of CDHR1 have confirmed its importance for
photoreceptor development and homeostasis597 we lack any understanding of its
regulation during these critical events. Interestingly, we have recently characterized a
ubiquitin-proteasomal system (UPS) pathway involved in retinal morphogenesis133. We
observed that the E3 ligase enzyme, Siah1, was expressed throughout the retina during
early development and specifically targeted a transcriptional regulator, Nlz2, for
degradation. This process ensured timely and precise fusion of the optic fissure of the
early retina. When searching for other targets of this E3 ligase based on its well
established degron-motif (Pro-[ARTE]-X-Val-X-Pro), we identified zebrafish Cdhr1a as a
potential hit. This suggested to us that Siah is a candidate for regulating the turnover of
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this protein and therefore controlling its function during photoreceptor development or
outer segment maintenance.
In our present study we aimed to investigate the Siah-mediated posttranslational regulation of Cdhr1a during development of the zebrafish retina. Taken
together, our data indicate that stability of Cdhr1a is necessary for zebrafish
photoreceptor development and survival and it is subject to regulation through the UPS
by Siah1. In particular, we observe significantly reduced photoreceptor number upon
induced expression of Siah, but no significant effects on any other retinal cell type. We
show these effects are UPS dependent and can be rescued with a proteasome inhibitor
(MG132), with cdhr1a mRNA, as well as a Siah1 insensitive Cdhr1a variant. Our work
provides an in-vivo example of vertebrate photoreceptor cell development modulated by
UPS-mediated regulation of a gene known to be associated with inherited cone-rod
dystrophy.

4.3

Results
4.3.1 Siah and cdhr1a are co-localized in the outer nuclear layer during retinal
development.
As mentioned above, numerous studies have demonstrated cdhr1 expression in

retinal

photoreceptor

cells

and

potentially

implicated

in

photoreceptor

development408,409,598. In contrast, siah gene expression during zebrafish retinal
development had yet to be described. As such, we sought to investigate siah expression
and cellular localization during the later stages of retinal development when
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photoreceptors are maturing. We carried out a comprehensive expression analysis of
both siah homologues, siah1 and siah2l during retinal development in zebrafish. Using
two color fluorescence whole-mount in situ hybridization (FWISH) we examined
simultaneous expression of siah1 or siah2l and cdhr1a in the zebrafish retina at 3, 4 and
5 dpf (Fig 4.1). Starting at 3 dpf we observed co-expression of cdhr1a and both siah1 and
siah2l specifically in the outer nuclear layer (Fig 4.1A, D). Siah expression was also seen
throughout the INL and GCL. This pattern of expression was observed up to and including
5 dpf (Fig 4.1C, F). Co-expression of siah1 and cdhr1a in the ONL therefore indicates that
siah1 and cdhr1a are both present and potentially active during photoreceptor cell
maturation. This further suggests that Siah1 may have a functional role in regulating
Cdhr1a protein stability in photoreceptor cells.
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Figure 4. 1. Siah1 and cdhr1a are co-expressed in the outer nuclear layer of the retina.
Retinal cryosections from two color fluorescent whole-mount in situ hybridization of
siah1 (green) and cdhr1a (red) in zebrafish embryos from 3-5 dpf. Magnified images
correspond to region of the dashed outline. Siah1 expression was noted in the outer
nuclear and inner nuclear layer from 3-5 dpf (A’-C’). Siah2l expression was also detected
in the outer and inner nuclear layer from 3-5 dpf (D’-F’). cdhr1a expression was restricted
to and throughout only the outer nuclear layer (A”-C”). Siah1 as well as siah2l was
observed to co-express with cdhr1a specifically in the outermost part of the outer nuclear
layer (A-F). DNA was stained with DAPI (blue). L: lens, ONL: outer nuclear layer, INL: Inner
nuclear layer, GCL: ganglion cell layer. Large scale bar = 100µm, small scale bar = 25µm.
4.3.2 Siah1 localizes to the base of the outer segments in rods and cones.
In order to validate our FWISH results, we next examined Siah and Cdhr1a protein
localization during photoreceptor maturation. To do so we first obtained zebrafish
specific polyclonal antibodies against Siah1 and Cdhr1a. When tested by
immunohistochemistry (IHC) in 3-5 dpf retinal sections we observed signal that correlated
with our FWISH results. In particular, we observed specific localization of Cdhr1a signal in
the outer nuclear layer where the rods and cones reside, while Siah1 signal was detected
throughout the retina, including strong signal in the outer nuclear layer (ONL) (Fig 4.2DF). To confirm that Siah1 is localized in photoreceptor cells, and to determine to which
subcellular region, we performed IHC on retinal sections from transgenic embryos
expressing rod and cone reporter constructs, Tg[XOPS:GFP] and Tg[TαC:eGFP]
respectively554,555. Our IHC results indicate that Siah1 protein localized to the synaptic
terminals of rod (XOPS:GFP) and cone (TαC:eGFP) photoreceptors, as well as in the
connecting cilium from 3 to 5 dpf (Fig 4.2D’-F’, J’-K’). We observed a similar pattern of
localization for Cdhr1a, in particular at the connecting cilium of rods (XOPS:GFP) and
cones (TαC:eGFP) (Fig 4.2A’-C’, G’-H’). Cdhr1a localization to the primary cilium began at
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3 dpf, with low signal, and increased progressively until 5 dpf. In addition to the ONL,
Siah1 protein staining was also observed in the inner nuclear layer (INL) and ganglion cell
layer (GCL) during the period analyzed. This again corelated with our FWISH data.
Collectively, our analysis of mRNA and protein localization for Siah and Cdhr1a indicated
that both proteins are expressed in photoreceptor cells and may functionally interact.
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Figure 4. 2. Siah1 and Cdhr1a localize to the photoreceptor primary cilium. Siah1 and
Cdhr1a protein localization was determined using IHC in 3-5dpf old Tg[XOPS:GFP] or
Tg[TaC:GFP] retinal cryosections. Cdhr1a signal (red) was detected in the ONL (A-C, G-I)
and within rod photoreceptors (green) marked by XOPS:GFP expression between 3-5dpf
(A’-C’). Siah1 signal was also detected in the ONL (D-E, J-L) and within rod photoreceptors
(D’-E’). Cdhr1a signal (red) was detected within cone photoreceptors (green) marked by
TaC:GFP expression between 3-5dpf (J’-L’). Siah1 signal was also detected within cone
photoreceptors (D’-E’). Both Cdhr1a and Siah1 localization within photoreceptors was
strongest at the junction of the inner and outer segments. DNA was stained with DAPI
(blue). L: lens, ONL: outer nuclear layer, INL: Inner nuclear layer, GCL: ganglion cell layer.
D: Dorsal and V: Ventral. Large scale bar = 100µm, small scale bar = 10µm.
4.3.3 Siah1 targets Cdhr1a for proteasomal mediated degradation.
Siah E3 ubiquitin ligase interaction with target proteins is a well-characterized
process and it involves interaction through an evolutionarily conserved amino acid motif
termed a degron. Zebrafish Cdhr1a protein encodes a Siah degron starting in the 857th
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amino acid. In vertebrates, CDHR1 is highly conserved, with similarity ranging around 60%
when comparing human to zebrafish Cdhr1a (Fig 4.3A). This includes the degron motif,
suggesting that this conserved feature plays an important role in the regulation of Cdhr1a
through the UPS. To examine weather Siah regulates Cdhr1a protein degradation, we
transiently co-transfected HEK 293T cells with Cdhr1a-FLAG and GFP (control) or Cdhr1aFLAG and Siah1-myc. Protein levels were subsequently determined by Western blot. As
shown in Figure 3.3B, lysates from cells co-transfected with Cdhr1a-FLAG and Siah1-myc,
completely lacked Cdhr1a-FLAG signal while the control co-transfection resulted in the
presence of a strong Cdhr1a-FLAG band (Fig 4.3B), indicating that Cdhr1a is targeted for
degradation in the presence of Siah1. To demonstrate a direct effect of Siah1 E3 ligase
activity we also co-transfected Cdhr1a-FLAG with an inactivated Siah1 construct
(SiahDRING-myc) which is missing the RING domain and therefore cannot perform the E3mediated ubiquitin transfer onto its targets. Cell lysate from Cdhr1a-FLAG and
Siah1DRING-myc co-transfection also contained a strong Cdhr1a-FLAG band.
Furthermore, inhibition of the proteasome using MG132 treatment resulted in the
retention Cdhr1a-FLAG signal compared to no treatment (Fig 4.3B). These results
demonstrated that Siah1 is directly responsible for the loss of Cdhr1a-FLAG due to
proteasomal degradation. To determine whether Cdhr1a targeting by Siah1 requires the
degron motif, we constructed a Cdhr1a variant in which the VmP motif of the degron
sequence was altered to LmA (cdhr1aLmA). The mutations had no effect on the expression
of Chdr1a-FLAG and as shown in Figure 4.3C, Cdhr1aLmA-FLAG was completely insensitive
to the effects of Siah1-myc. Finally, using co-immunoprecipitation (co-IP) we showed that
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Siah1-myc, or Siah1DR-myc, can be pulled down by Cdhr1a-FLAG (Fig 4.3D). To ensure the
specificity of our co-IP, cells were transfected with Siah1DRING-myc alone, showing no
pull-down with FLAG antibodies after the co-IP (Fig. 4.3D). Taken together, these results
strongly suggest that Siah1 directly targets Cdhr1a for proteasomal mediated degradation
through the degron motif found in Cdhr1a. In light of our findings, we next sought to
determine whether Siah-mediated regulation of Cdhr1a protein stability plays a role in
zebrafish photoreceptor development.
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Figure 4. 3. Siah1 targets Cdhr1a for proteasomal degradation. Alignment of CDHR1
degron motif sequence from different vertebrates: Xenopus, chicken, mouse, rat, human
and zebrafish outlining overall protein sequence as well as motif conservation (A).
Western blot analysis of cdhr1a protein stability in response to Siah activity. cdhr1a-FLAG
signal is significantly decreased by co-transfection of siah1-myc, but not siah1ΔR-myc or
upon MG132 treatment. Alpha/betta tubulin was used as a loading control (B). Coimmunoprecipitation of cdhr1a-FLAG co-transfected with siah1-myc or siah1ΔR-myc
probed for FLAG (green), MYC (red). Cdhr1a-FLAG is able to pull down both siah1 and
siah1DRING. (C). Western blot analysis of Siah1 targeting specificity. cdhr1a-FLAG signal
is significantly decreased by co-transfection of siah1-myc. Signal of cdhr1aLMA-FLAG, a
cdhr1a variant encoding a non-recognized degron motif, does not decrease upon cotransfection of siah1-myc. Alpha/betta tubulin was used as a loading control (D).
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4.3.4 Misregulation of Siah1 activity leads to reduced numbers of photoreceptors.
Based on our characterization of siah1 and cdhr1a expression and co-localization
in photoreceptor cells, specifically the connecting cilium, and our confirmation that Siah1
targets Cdhr1a for degradation in vitro, we next wanted to determine whether this
interaction plays a functional role during photoreceptor cell development. In order to
overexpress Siah1 during retinal development, we generated two zebrafish transgenic
lines in which Siah1 or the inactive Siah1ΔRING were placed under the control of the heat
shock inducible hsp70 promoter (Fig. 4.4A). The corresponding lines, Tg[hsp70:siah1] and
Tg[hsp70:siah1DRING], were bred to homozygosity. We designed an experimental heat
shock approach that would induce Siah1 expression during the developmental window of
photoreceptor genesis, between 48 and 72 hpf. To ensure continuous activity of the
transgene, we performed the initial head shock at 48 hpf, followed by a repeat heat shock
at 60 hpf, and finally fixation at 72 hpf, by which time photoreceptor differentiation is
largely completed (Fig. 3.4B). The efficiency and specificity of the heat shock (HS) system
were assessed by whole-mount in situ hybridization (WISH) (Fig. 4.4C). In the absence of
elevated temperature examination of siah1 expression did not suggest any leaky
expression from the hsp70 promoter. Upon heat shock siah1 and siah1DRING expression
were significantly and ubiquitously elevated (Fig 4.4C). Tg[hsp70:siah1] and
Tg[hsp70:siah1DRING] were next crossed onto the Tg[XOPS:GFP] and Tg[TαC:eGPP]
transgenic lines to assess rod and cone photoreceptor development, respectively. Double
transgenic embryos were subjected to the HS protocol. Collected embryos were either
imaged whole using confocal microscopy, or cryosectioned for IHC analysis. Confocal
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imaging of whole-mount embryos clearly indicated a significant decrease in rod and cone
cells in Siah1 overexpressing embryos at 72 hpf relative to controls (Fig S2.1).
Quantification of retinal sections confirmed a decrease in the number of rods (Fig. 4.5AC) and cones (Fig. 4.5E-G) in Siah1 HS embryos compared to wild type and siah1DRING HS
(Fig. 4.5). The decrease in mature rod photoreceptors in the Tg[XOPS:GFP] line was most
evident in the ventral portion of the retina (Fig. 4.5A-C’), where rod photoreceptors
initially differentiate37 (Fig 4.5D). Rods in the wildtype HS embryos displayed an
elongated cell shape with partially visible outer segments (Fig 4.5A’) whereas rods in the
Siah1 HS embryos appeared wider and without visible outer segments (Fig 4.5’C’). Rods
in Siah1ΔRING HS embryos retained wildtype numbers and morphology (Fig. 4.5B’, D).
Some rods appeared stunted in shape, but most had an elongated structure with visible
outer segments, comparable to wildtype HS. When examining Siah1 HS in the TαC:eGFP
background we observed a decrease in cones both dorsally and ventrally (Fig 4.5E-G, H).
The most striking decrease was again observed in the ventral portion of the retina (Fig.
4.5G’). Having observed a negative effect of Siah1 overexpression on photoreceptor
development, we next sought to determine the extent of these effects in development of
other retinal cell types.
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Figure 4. 4. Siah overexpression experimental design. Heat shock line construct
schematic (A). The experimental design included heat shock for 30 minutes at 48 and
subsequently 60 hpf with fixation and analysis at 72 hpf (B). Whole-mount in situ
hybridization (WISH) for siah1 to confirm the effect of heat shock in wild type,
Tg[hsp70:Siah1] and Tg[hsp70:Siah1ΔRING] embryos. Heat shock induced a significant
increase in siah1 gene expression in the transgenic lines but not in wild type (C).
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Figure 4. 5. Siah1 overexpression leads to a reduction of rod and cone photoreceptors.
Retinal cryosections of Tg[XOPS:GFP] (wildtype), Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1),
and Tg[hsp70:siah1DRING]/Tg[XOPS:GFP], (siah1ΔRING) embryos were analyzed for GFP
fluorescence after heat shock (HS) (A-C). The number of rod photoreceptors (green) was
significantly decreased in siah1 HS embryos at 72 hpf compared to wildtype and
siah1DRING (D). Compared to wildtype and siah1DRING differentiated rod
photoreceptors in Siah1 HS embryos have stunted outer segments (A’-C’). Retinal
cryosections of Tg[TaC:GFP] (wildtype), Tg[hsp70:siah1]/Tg[TaC:GFP] (siah1), and
Tg[hsp70:siah1DRING]/Tg[TaC:GFP], (siah1ΔRING) embryos were analyzed for GFP
fluorescence after heat shock (HS) (E-G).Compared to wildtype and siah1DRING, siah1 HS
resulted in a significant decrease in the number of cone photoreceptors (green) present
the ventral portion of the retina of (E’-G’, H). DNA was stained with DAPI (blue) n=25
embryos, scale bar = 50 µm and 10 µm (A). L: lens, ONL: outer nuclear layer, INL: Inner
nuclear layer, GCL: ganglion cell layer, D: Dorsal and V: Ventral.
4.3.5 Inner retinal neurons are not affected by elevation of Siah1 activity.
Since Siah1 can potentially target several proteins and localizes to other regions
of the retina (Figure 4.1), we investigated if overexpression of Siah1 could also impact the
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development of other cell types in the retina. Ganglion and amacrine cells are among the
first retinal neurons to differentiate, a good portion having done so prior to the first HS
at 48 hpf38. Immunostaining of retinal sections from Siah1 HS embryos with HuC/D
indicated that morphology and cell number of ganglion and amacrine cells was unaffected
by Siah1 over activation (Fig S2.2A-D). Similarly, bipolar cells, visualized using PKCa
immunostaining, were also found to be unaffected by Siah1 overactivation (Fig S2.2E-H).
Horizontal cells, visualized by Prox1 immunostaining, line the outermost part of the INL
and have an oblong shape. The Prox1+ horizontal cells within the Siah1 HS embryos had
normal morphology (Fig S2.2E-G) but were decreased in number compared to wildtype
and Siah1DRING HS (Fig S2.2H). This phenotype was not as severe as what we observed
for rods and cones and was therefore not a focus of our investigation going forward. In
summary, from our analysis of ganglion, amacrine, bipolar and horizontal cells, we
conclude that the functional consequences of Siah1 overexpression during the 48-72 hpf
stage of retinal development is mostly confined to photoreceptors. Our data suggests that
high levels of Siah1 activity can specifically alter photoreceptor maturation. As such, we
next we began to address the potential mechanisms for how Siah1 activity impacts
photoreceptor development.
4.3.6 Siah1 misexpression does not affect cell proliferation.
To determine whether the decrease in rod and cone photoreceptors at 3 dpf in
Siah1 HS embryos was due to a delay in differentiation or cell death, we first assessed cell
proliferation in the retina. Immunostaining for cells in S phase using PCNA and cells in
mitosis with PH3 was conducted to detect potential differences in cell proliferation and
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cell cycle progression between wildtype, Siah1ΔRING, and Siah1 HS. Our results show no
difference in PCNA+ cells in the ciliary marginal zone (CMZ), an area of the retina
containing stem and retinal progenitor cells that supports continuous retinal growth599,
between wildtype, Siah1DRING, and Siah1 HS embryos (Fig S2.3A-C). While
photoreceptors do not come from this pool of progenitors, it is an indicator of the rate of
cell proliferation in the retina. PCNA was strongly expressed across genotypes and
spanned a similar area in the dorsal and ventral portion of the retina. We followed up
PCNA analysis with PH3 immunostaining to visualize cells in mitosis, rather than S phase.
While there was variation when quantifying PH3+ cells in all genotypes, we found no
significant difference in the total number of PH3+ cells when comparing all of our groups
(Fig S2.3G). Interestingly, the distribution of the PH3+ cells did vary across experimental
groups (Fig S2.3H). In the wildtype and Siah1DRING HS lines, the majority of PH3+ cells
were in the ONL (Fig S2.3D, E). In contrast, in the Siah1 HS embryos, most PH3+ cells were
found in the CMZ and the INL. Taken together, we conclude Siah1 does not regulate cell
proliferation or cycle progression, which led us to pursue cell death as a potential
mechanism for Siah1 mediated aberrant photoreceptor development.
4.3.7 Siah1 overexpression results in a proteasome-dependent increase in ONL cell
death.
We used TUNEL staining to label apoptotic cells in the retina of all genotypes
following HS. Additionally, we utilized MG132, which inhibits proteasome activity in order
to assay whether the phenotypes observed are dependent on Siah1’s E3 enzymatic
activity (control embryos were treated with DMSO). We noted modest cell death, 1-2 cells
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on average, in the retinas of wildtype and Siah1DRING HS embryos (Fig. 4.6A, C).
Apoptotic cells were primarily located in the INL, bordering the CMZ. In contrast, Siah1
HS embryos showed a significant increase in cell death when compared to wildtype and
Siah1ΔRING (Fig. 4.6F). Apoptosis was increased in the GCL, INL, and ONL of the retina
(Fig. 4.6D). To determine whether increased apoptosis was dependent on the proteasome
we also treated heat shocked embryos with MG132. Previous work in our lab has shown
that 12.5µM of MG132 is effective for embryonic inhibition of the proteasome without
toxicity. Cell death was significantly reduced in Siah1 HS embryos treated with MG132,
bringing down the average number of TUNEL+ cells to one, which was comparable to
wildtype (Fig. 4.6E, F). After MG132 treatment, any remaining apoptotic cells in Siah1 HS
embryos were primarily located in the INL (Fig. 4.6E). Based on these results, we suspect
that reduction of cone and rod photoreceptors upon Siah1 overexpression results from
increased cell death of rod and cone progenitors or immature photoreceptors. This effect
appears to be dependent on the E3 ligase activity of Siah1 as proteasome inhibition was
able to rescue the phenotype. Based on these findings, we next investigated whether
Siah1targeting of Cdhr1a contributes to the photoreceptor phenotype of Siah1
overexpressing retinas.
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Figure 4. 6. Proteasome inhibition can rescue the decrease in rod photoreceptors and
increased apoptosis resulting from Siah1 overactivation. Retinal cryosections from
wildtype, Tg[hsp70:siah1] (siah1), and Tg[hsp70:siah1DRING] (siah1DRING) embryos heat
shocked (HS) and treated with DMSO or MG132, were analyzed using IHC for cell death
using TUNEL staining (A-E) as well as mature and immature rods using 4C12 antibodies
(G-K). Number of TUNEL positive cells measured significantly higher in siah1 HS + DMSO
embryos compared to all other treatments (F). Treatment with MG132 significantly
decreased cell death in siah1 HS embryos compared to DMSO to an average comparable
to wildtype (F). Numbers of mature and immature rod photoreceptors were significantly
decreased in Siah1 + DMSO HS embryos treated with DMSO but not with MG132 (L). DNA
was stained with DAPI (blue). Scale bar = 50µm. L: lens, ONL: outer nuclear layer, INL:
Inner nuclear layer, GCL: ganglion cell layer, D: Dorsal and V: Ventral.
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4.3.8 Siah1 targeting of Cdhr1a for proteasomal degradation regulates photoreceptor
development and survival.
Having shown that MG132 could rescued Siah1 induced apoptosis in the retina,
we next examined whether inhibition of apoptosis by MG132 would also rescue
photoreceptor development. Treating Siah1 HS embryos with MG132 for 24 hours not
only decreased cell death throughout the retina, but also rescued the number of mature
and immature rod photoreceptors (Fig 4.6G-K). Quantification of immature and mature
rods, visualized by 4C12 immunostaining40, indicated a significant increase in the number
of rod cells upon MG132 treatment (Fig. 4.6L). Mature and immature rod photoreceptors
were present in the dorsal and ventral portion of the retina in Siah1 HS MG132 treated
embryos (Fig. 4.6K). The average number of rod photoreceptors was slightly lower in the
Siah1 HS MG132 treated embryos compared to wildtype but increased by over 50% when
compared to Siah1 HS DMSO treated embryos (Fig. 4.6L). We observed similar results
when examining consequences of MG132 treatment in Tg[XOPS:GFP]/Tg[hsp70:siah1] HS
embryos (Sup Fig 4A-E). Importantly, cone photoreceptor numbers were also increased
upon MG132 treatment, as observed in Tg[TaC:GFP]/Tg[hsp70:siah1] HS embryos (Fig
S4F-J). Quantification of cone photoreceptors in these embryos showed MG132
treatment led to significantly more cells compared to DMSO treatment (Fig S2.4J). We
therefore conclude that excess Siah1 E3 ligase activity likely leads to increased apoptosis
in the ONL and may drive the reduction of both rod and cone photoreceptors.
Having characterized a clear connection between Siah1 and Cdhr1a, we next
examined whether Siah1 targeting of Cdhr1a was responsible for the observed
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phenotypes. As outlined previously, CDHR1 is known to have an established role in
photoreceptor maintenance, in particular turnover of outer segment disks405. What is less
clear is whether CDHR1 plays a role during development of photoreceptors. As such, we
hypothesized that Siah1 targets Cdhr1a and the reduction in Cdhr1a protein levels leads
to apoptosis and subsequent reduction of photoreceptor progenitor cells. To test this
hypothesis, we injected single cell stage Tg[hsp70:siah1] embryos with wildtype (WT)
cdhr1a mRNA, performed our HS treatment and analyzed rod and cone photoreceptors
at 72hpf. Injection of mRNA had no observable effect on WT or Siah1DRING HS embryos,
however, in Siah1 HS embryos we observed a significant increase in the number of both
rod and cone photoreceptors compared to Siah1 HS alone at 72hpf (Fig 4.7A,B). Both
mature and immature rod cells were increased in number when Siah1 HS embryos were
injected with WT cdhr1a mRNA (Fig 4.7D). Similar outcomes were observed when using
Tg[XOPS:GFP]/Tg[hsp70:siah1] embryos (Fig 4.7E-F, H). Not only were the number of cells
increased, but the rod cells appeared elongated, contained outer segments and were
evenly spaced. When examining cone cells using the Tg[TaC:eGFP]/Tg[hsp70:siah1] we
also documented that injection of WT cdhr1a mRNA rescued the number of cone cells to
levels comparable to wildtype or siah1DRING HS embryos (Fig 4.8). Our results show that
an excess of Cdhr1a can overcome the Siah1 targeting and therefore protect development
of photoreceptor cells.
To further extend our analysis, we also attempted rescue of the Siah1 HS
phenotype using the Cdhr1a degron mutant construct, cdhr1aLmA. Based on the
insensitivity of Cdhr1aLmA to Siah1 activity we predicted it would have an enhanced rescue
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effect. Single cell embryos were injected with cdhr1aLmA mRNA and subjected to our HS
protocol. Strikingly, cdhr1aLmA was more efficient at protecting rod (Fig 4.7C, G) and cone
cells (Fig 4.8A-D) from the effects of Siah1 overexpression than WT cdhr1a. In particular,
injection of cdhr1aLmA resulted in significantly more XOPS:GFP+ mature rod
photoreceptor cells compared to WT cdhr1a (Fig 4.7D,H). Both WT and LmA were able to
rescue the number of TaC:eGFP positive cones, but with LmA having a much tighter
distribution (Fig 4.8E). Taken together, we show that deficiencies in rod and cone
photoreceptor development upon induction of Siah1 activity correlate with levels of
Cdhr1a protein. We therefore conclude that Siah1-mediated regulation of Cdhr1a protein
levels is important during photoreceptor development.
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Figure 4. 7. Rod photoreceptor development relies on sufficient levels of Cdhr1a. Retinal
cryosections from Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), injected with wildtype cdhr1a
or cdhr1aLMA mRNA were heat shocked (HS) and analyzed for immature and mature rod
cells using IHC for 4C12 (red) (A-C’). Injection of both cdhr1a and cdhr1aLMA mRNA
increased the number of immature and mature rod cells compared to siah1 HS alone (D).
Retinal cryosections from Tg[hsp70:siah1]/Tg[XOPS:GFP] (siah1), injected with wildtype
cdhr1a or cdhr1aLMA mRNA were heat shocked (HS) and analyzed for GFP signal (green)
(E-G’). Injection of both cdhr1a and cdhr1aLMA mRNA increased the number of GFP+ rod
cells compared to siah1 HS alone, with cdhr1aLMA giving a significantly stronger response
(H). DNA was stained with DAPI (blue). Scale bar = 50µm. L: lens, ONL: outer nuclear layer,
INL: Inner nuclear layer, GCL: ganglion cell layer, D: Dorsal and V: Ventral.
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Figure 4. 8. Cone photoreceptor development relies on sufficient levels of Cdhr1a.
Confocal stacks of heat shocked (HS) Tg[TaC:GFP] (wildtype) and
Tg[hsp70:siah1]/Tg[TaC:GFP] (siah1) embryos or those injected with cdhr1a mRNA or
cdhr1aLMA mRNA were analyzed in 3D for GFP fluorescence (A-D). Injection of both
wildtype and the LMA variant of cdhr1a mRNA resulted in numbers of GFP+ cone cells
comparable to that of wildtype (E). Scale bar = 50 µm.
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4.3.9 Supplemental figures

Figure S2. 1. Siah1 overexpression decreases the number of rods and cones. Confocal
stacks of heat shocked (HS) Tg[XOPS:GFP] (wildtype), Tg[hsp70:siah1]/Tg[XOPS:GFP]
(siah1), and Tg[hsp70:siah1DRING]/Tg[XOPS:GFP], (siah1ΔRING) embryos were collected
analyzed in 3D for GFP fluorescence (A-C). Region analyzed and presented is outlined in
yellow. Overexpression of Siah1 resulted in significantly fewer GFP+ rod cells (G). Confocal
stacks of heat shocked (HS) Tg[TaC:GFP] (wildtype), Tg[hsp70:siah1]/Tg[TaC:GFP] (siah1),
and Tg[hsp70:siah1DRING]/Tg[TaC:GFP], (siah1ΔRING) embryos were analyzed in 3D for
GFP fluorescence (D-F). Region analyzed and presented is outlined in yellow.
Overexpression of Siah1 resulted in significantly fewer GFP+ cone cells (H). Scale bar =
50µm.
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Figure S2. 2. Inner retinal neurons are not affected by Siah1 overexpression. Retinal
cryosections from wildtype, Tg[hsp70:siah1] (siah1), and Tg[hsp70:siah1DRING]
(siah1DRING) embryos heat shocked (HS) and analyzed for effects on retinal inner
neurons using IHC. Retinal ganglion and amacrine cells were visualized and quantified
using Huc/D staining (A-D). Bipolar cells were visualized and quantified using PKCa (E-H).
Horizontal cells were observed and quantified using prox1 staining (I-L). DNA was stained
with DAPI (blue). Scale bar = 50µm. L: lens, ONL: outer nuclear layer, INL: Inner nuclear
layer, GCL: ganglion cell layer, D: Dorsal and V: Ventral.
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Figure S2. 3. Siah1 does not affect retinal cell proliferation or cell cycle progression.
Retinal cryosections from wildtype, Tg[hsp70:siah1] (siah1), and Tg[hsp70:siah1DRING]
(siah1DRING) embryos heat shocked (HS) and analyzed for cell cycle status using PCNA
(A-C) and PH3 (D-F) IHC staining. Number of PCNA or PH3 positive cells did not significantly
change upon Siah1 overexpression (G-H). DNA was stained with DAPI (blue). Scale bar =
50µm. L: lens, ONL: outer nuclear layer, INL: Inner nuclear layer, GCL: ganglion cell layer,
D: Dorsal and V: Ventral.
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Figure S2. 4. Proteasome inhibition rescues Siah1 overexpression phenotype. Confocal
stacks of heat shocked (HS) Tg[XOPS:GFP] (wildtype), Tg[hsp70:siah1]/Tg[XOPS:GFP]
(siah1), and Tg[hsp70:siah1DRING]/Tg[XOPS:GFP], (siah1ΔRING) embryos treated with
DMSO or MG132 were collected analyzed in 3D for GFP fluorescence (A-D). Treatment
with MG132 prevented a significant decrease in GFP+ rod cells compared to DMSO in
siah1 HS embryos (E). Confocal stacks of heat shocked (HS) Tg[TaC:GFP] (wildtype),
Tg[hsp70:siah1]/Tg[TaC:GFP]
(siah1),
and
Tg[hsp70:siah1DRING]/Tg[TaC:GFP],
(siah1ΔRING) embryos treated with DMSO or MG132 were analyzed in 3D for GFP
fluorescence (F-I). Treatment with MG132 prevented a significant decrease in GFP+ cone
cells compared to DMSO in siah1 HS embryos (J). Scale bar = 50µm.
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4.4

Discussion
Several studies in the past decade have associated mutations in the human

CDHR1 gene with cone-rod dystrophies407,410,411,413–417,419,420,597,598. While the mechanism
as to how loss of CDHR1 function affects pathogenesis of cone-rod dystrophies is
unknown, several studies have reinforced its importance to photoreceptor cell biology by
characterizing its protein localization405,408,409 and necessity for photoreceptor disk
renewal598. In particular, it has been shown that CDHR1 links immature disks to the inner
segment prior to their incorporation into the outer segment405. However, none of the
current studies examined in detail whether CDHR1 had any involvement in vertebrate
photoreceptor cell development. This is of particular note, especially when considering
possible inheritable associations with cone-rod dystrophy predisposition. In this study we
describe a post-translational modification mechanism, controlled by the Siah1 E3
ubiquitin ligase, which regulates the stability of Cdhr1a to mediate vertebrate
photoreceptor cell maturation, and survival. Our work outlines the first observation of a
functional role for Siah1 and Cdhr1a during photoreceptor development, which may in
future studies be utilized to examine the mechanism of cone-rod dystrophy pathogenesis.
Cdhr1 encodes a photoreceptor cell specific cadherin; a single-pass
transmembrane glycoprotein with calcium-dependent adhesive abilities as well as
signaling functions. Cadherin extracellular domains contain several tandem repeats of
negatively charged amino acids which are responsible for interaction with extracellular
molecules including other cadherins600–602. During eye development, cadherins have been
implicated in the separation of the invaginated lens vesicle from the surface ectoderm601,
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initiation and elongation of the RGC axons and dendrites602–605, differentiation of RGC and
amacrine cells600,602, activation of proliferation in the eye primordium602,604,606 and
retinotectal axon projection600. In line with previous studies405,408,409, we confirmed
cdhr1a gene expression and protein localization to be specifically in the base of the outer
segment of zebrafish rod and cone photoreceptor cells. Zebrafish Cdhr1a protein localized
to a narrow stalk region, known as the connecting cilium of the photoreceptor cell. The
connecting cilium bridges the outer segment with the cell body and is critical for proper
trafficking of proteins, like rhodopsin, from the cell body to the outer segment607. This
region is also the site of new disk assembly and release during maintenance of rod outer
segments. Mutations in structural proteins of this region are known to associate with
juvenile Retinitis Pigmentosa607, highlighting its relevance in photoreceptor cell
development. Furthermore, cadherins, through their cytoplasmic domains are able to link
with the cytoskeleton by interacting with catenins601. These interactions are responsible
for maintaining polarization of the highly stratified epithelial tissues, such as the retina600.
When cells of epithelial tissues have blocked their ability to maintain cellular adhesion
with the surrounding cells or the extracellular matrix by the loss of cadherin function, for
example, they undergo a process of apoptosis called anoikis601.
Our observation that zebrafish Cdhr1a protein localizes to the connecting cilium
as soon as photoreceptor cells are formed reinforces the notion of CDHR1’s importance
to photoreceptor biology. However, we lacked an understanding of its regulation. Our
FWISH results indicated that expression of siah1 and siah2l co-localizes with cdhr1a in the
ONL from 3 and up to 5 dpf of the zebrafish retina. Furthermore, using a cell culture
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model, we were able to demonstrate direct interaction, via co-IP experiments, and
showed that Siah1 targets Cdhr1a for proteasomal degradation. In addition, we show that
inactivation of the Siah1 E3 domain (siah1DRING), proteasomal inhibition (MG132), or
mutation of the Siah1 degron motif (chdr1aLmA) prevents Cdhr1a degradation. Taken
together, our data strongly supports that Cdhr1a is a direct target for Siah1 and that both
are expressed in the same place and at the same time.
To examine the consequences of Siah1-mediated regulation of Chdr1a stability
during photoreceptor development we used a heat shock mediated overexpression
approach. This enabled us to control the timing and extent of Siah1 overactivation. In
particular we wanted to avoid interfering with early embryonic development so as to
prevent non-specific phenotypes. Siah1 overexpression resulted in a significant decrease
in the amount of rod and cone photoreceptor cells. All other retinal cell types were
unaffected by Siah1 overexpression. The reduction in rods and cones coincided with a
significant increase in TUNEL+ apoptotic cells in the retina, and in particular in the ONL
(Fig. 6D). As expected, inhibition of proteasome activity rescued the Siah1 overactivation
phenotype. The cell death we noted could result from cellular loss of contact with the
extracellular matrix and/or neighboring cells mediated by Chdr1a in photoreceptor
precursor cells. Recently, a mouse conditional double knockout for E and N-cadherin had
increased number of TUNEL-positive cells in the lens601. Cell death was also noted in the
retina of cdh11 and cdh4 morphants600,602. Interestingly, when we injected WT or the LmA
Siah insensitive cdhr1a mRNA and overactivated Siah1, rod and cone photoreceptor
numbers were rescued. We therefore propose that Cdhr1a stability in the presence of
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excess Siah1 is critical for photoreceptor cell survival during development. This is
supported by the fact that overactivation of Siah1, which will lead to a decrease in Chdr1a
protein levels, leads to increased apoptosis and ultimately significant reduction in rods
and cones. In addition, preliminary results from Alt-R-CRISPR injections, which have been
shown to be highly efficient in generating biallelic indel mutations and therefore enable
examination of phenotypes in F0s, indicate that loss of Cdhr1a function also leads to a
decrease in rods and cones (data not shown).
When comparing our results to those of previous studies405,408,409, we propose
three potential roles for Cdhr1a during photoreceptor development. First, based on its
cadherin function, Cdhr1a may be required for the organization of cytoskeletal elements
at the base of newly forming outer segments. In its absence, failure of outer segment
formation may trigger apoptosis and subsequent reduction in photoreceptor cells.
Second, Cdhr1a, via its extracellular domains, could interact with extracellular matrix in
the ONL. In this proposed role, Cdhr1a contributes to either photoreceptor precursor
migration and targeting or subsequent photoreceptor adhesion required for survival. The
absence of Cdhr1a function could therefore either reduce the number of photoreceptor
precursors reaching the ONL leading to reduction of mature rods and cones or may affect
maturing rod and cone survival due to absent or improper cell-cell adhesion. Both of our
hypotheses are supported by results from our Siah overexpression experiments, which
lead to a reduction in Cdhr1a function. Furthermore, our model finds clear support from
the transcriptomic analysis recently employed by Kaewkhaw and collaborators608
showing increased levels of CDHR1 in photoreceptor progenitor cells during
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differentiation in 3D human retina cultures. Lastly, based on its localization, Cdhr1a is
predicted to regulate the release of newly formed outer segment disks to ensure proper
function of rods and cones405. One could imagine that assembly of the very first disks
would also require Cdhr1a function and in its absence this process might fail and lead to
apoptosis. Upon decrease of Cdhr1a levels, the connection between the innermost outer
segment disks and the inner segment of the photoreceptor could weaken, preventing
outer segment disk formation and eventual death of the photoreceptor prior to maturity
(Fig. 3.8). Interestingly, it currently remains unknown as to how Cdhr1a releases the disks.
It may be possible that Siah1 targets Cdhr1a for degradation and this regulates the timely
release of the disks. Investigating Siah1 function in juvenile and adult photoreceptors will
need to be performed to assess these possibilities.
In conclusion, we provide the first direct evidence that Cdhr1a plays a
critical role during photoreceptor development, maturation, and survival. Furthermore,
we show that Cdhr1a is directly regulated by the UPS via interaction with Siah1. Our
findings have new implications for examination of Cdhr1a-associated cone-rod dystrophy
as well as the role of UPS during photoreceptor development. Future studies will focus on
the exact mechanism of Cdhr1a function in both photoreceptor progenitors as well as
immature rods and cones. Furthermore, it will be important to assess the role of Cdrh1a
and Siah1 during retinal regeneration and adult photoreceptor outer segment
maintenance. Understanding these mechanisms will be imperative to identifying
therapeutic strategies for the growing population of individuals suffering from sightthreatening diseases such as cone-rod dystrophy.
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CHAPTER 5.

DISCUSSION.

The vertebrate eye is a highly complex organ composed of several different
tissues with many different neuronal cell types. Vision is one of the main sensory systems
and it is crucial for proper interaction with the environment as well as other individuals.
Vertebrate eye development consists in two major stages: eye morphogenesis and retina
development. Most eye development regulatory mechanisms are evolutionary conserved
between different taxa; however, their timing largely varies among them. In zebrafish, for
example, eye field specification occurs around the 8th hours-post-fertilization, in contrast
in mouse it happens after the 8th day of gestation and in humans only in after the 22th
(Table 5.1). Additionally, zebrafish eye morphogenesis is mainly completed by 56 hourspost-fertilization, which will only occur in the 33th day of gestation in humans in the 11.5th
day in mouse (Table 5.1). The timing of key morphogenetic developmental stages in
different animal model is summarized in Table 5.1.
Table 5. 1. Morphogenetic key stages in vertebrate eye development. Adapted
from4,150,609,610
Eye developmental
Days of gestation
Embryonic age Embryonic agestage
(Human)
Mouse (days)
Zebrafish
(hours)
Eye field specification

<22

E8.0

8

OV evagination

22

E8.5

12

LP formation

28

E9.5

18

OV and LP
invagination

32

E10

28

OC morphogenesis

33

E11.5

~56
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As previously mentioned, the molecular mechanisms governing eye development
are evolutionarily conserved in vertebrates. Several morphogen signaling pathways such
as, BMP, Wnt, IGF, TGF-b, RA, FGFs, Shh and PCP coordinate the activation of specific
groups of critical transcription factors in order to regulate different aspect of initial eye
morphogenetic development. These events include the specification of the eye field in
the front-central area of the forebrain, subsequently division of the eye field in bilateral
fields, evagination of the optic vesicle and invagination to form the optic cup culminating
with one of the most critical aspect of eye morphogenesis, the formation of a transient
cleft, the optic fissure, critical for vascularization of the developing eye and exit area of
the optic nerve. During a short period of time, both folds of the optic fissure will appose,
the basement membrane surrounding the lobes will be removed and the optic tissues will
be fused to create a continuous optic cup.
Failures in these processes creates a non-preventable congenital blindness
disorder called, Coloboma. It accounts for approximately 10% of all pediatric blindness
and its severity depends on the extent of the defect in the closure process potentially
compromising extensive parts of the eye. Even though, mutations in several genetic
signaling pathway have been implicated in the development of Coloboma, only one fifth
of the causative mutations have been described. Thus, identifying the genes required for
proper optic fissure fusion or are the cause for Coloboma’s etiology, may provide new
therapeutic strategies or pharmacological targets to improve patients’ quality of life or
enable more accurate genetic screening.
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In the literature, several studies have focused their exploratory efforts in
understanding the transcriptional regulation of the choroid fissure fusion and have
defined several transcription factors driving gene expression changes in order to proper
regulate eye morphogenesis. As discussed above, the morphogenetic events depend on
a precise spatial and temporal regulation of transcription factors in the region of the optic
fissure, such as Vax1, Vax2 and Pax2 as well as basement membrane components, such
as nidogen, laminin and integrins combined with anti/angiogenic factors. Our interest,
however, was to focus our efforts in understanding how optic fissure fusion regulation
was regulated in the post-translational level, in another words how protein interactions
were controling the morphogenetic development of the visual system and more
specifically, proper closure of the optic fissure.
The ubiquitin proteasomal system (UPS) utilizes a highly selective posttranslational modification which plays a role in several cellular processes, including
protein quality control, cell cycle control, proliferation. The UPS is a highly specific system
which enables fine-tuned changes in protein stability to ensure tight spatial and temporal
regulation of key factors in biological process, and as I have outlined in chapter 3 also
optic fissure closure.
The siah family of E3 ubiquitin ligases are homologous to the Drosophila Seven In
Absentia (sina), a known regulator of Drosophila R7 photoreceptor cell development.
Vertebrates encode two active Siah genes, Siah1 and Siah2 which both target proteins
containing the degron motif P-[ARTE]-x-V-x-P. Since their discovery, Siahs have been
implicated in many different biological processes including vertebrate axis formation,
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hypoxia signaling, DNA damage, neuronal cell polarity, cellular senescence and in many
different cancers as tumor-promoting genes or tumor suppressor. However, in regard to
their potential involvement in vertebrate eye development, our understanding was very
limited. Due to its Siah high similarity with sina, which is known to be involved in fly eye
development, and based on the observation that Siah is expressed homogeneously in the
early retina and subsequently becomes restricted to the ONL, INL and GCL I proposed a
hypothesis that Siah E3 ubiquitin ligase is involved in multiple ocular developmental
processes required for proper vertebrate eye development. This hypothesis was tested
in chapter 3 and 4 of this dissertation.
In the third chapter of this dissertation I sought to investigate Siah function
during early vertebrate eye morphogenesis. In order to study siah function, we searched
the zebrafish proteome for proteins that contain the degron sequence which revealed 78
potential targets. The list of updated targets and their specific degron is presented in
Table 5.2. One of these targets was the zinc-finger protein Nlz2, which had been
previously implicated in vertebrate eye morphogenesis as a negative regulator of pax2a
expression.
Table 5. 2. List of zebrafish Siah potential targets.
Gene
Amino Acid
Degron
Gene

Amino Acid

Degron

ADRM1

227 - 233

PtTpVtP

MVP

379 - 385

PiEyVpP

AL8A1

395 - 401

PvTcVtP

MYSM1

206 - 212

PeRsVsP

ALPK2

1571 - 1577:

PkEvVvP

NDOR1

456 - 462

PgTgVaP

1938 - 1944:

PkRtVaP

NIPLA

442 - 448

PqEgVtP
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Table 5.2. Continued
ARI5B

506 - 512

PpErVeP

OLA1

256 - 262

PgAlViP

ASAH2

605 - 611

PvAdVaP

PABPA

451 - 457

PnAaVrP

AURKB

15 - 21

PsAgVgP

PGAM5

180 - 186

PiEpVpP

BMI1A

272 - 278

PsTlVqP

PHC2

543 - 549

PqAvVkP

BSH

32 - 38

PlReVfP

PHF2

910 – 916

PtArVgP

CBPC5

422 - 428

PsEqVpP

PHF8

838 - 844

PkArVtP

CC70B

145 - 151

PqAhVeP

PLXA4

99 - 105

PpRiVqP

CDHR1

791 - 797

PnApVmP

PREP

288 - 294

PnTaVpP

CF206

317 - 323:

PtThVfP

PREP

565 - 571

PyTpVqP

CHMP7

443 - 449

PrEsVsP

PTC1

1169 - 1175

PpAeVvP

CHRD1

69 - 75

PaEpVkP

RBM42

76 - 82

PpTfVcP

CMTR1

777 - 783

PaTsVaP

RBM42

149 - 155

PmApVgP

CYFP1

548 - 554

PrRaVgP

RBM44

4 - 10.

PpAaVvP

CYTSA

891 - 897

PaAaVsP

RFIP3

249 - 255

PcEpVfP

997 - 1003

PtAsVnP

RN185

73 - 79

PnRqVcP

DCA17

119 - 125

PlEnVlP

RNF44

331 - 337

PpTaVgP

DCR1B

316-322

PkAvViP

RTCB

107 - 113

PdAvVsP

DUSTY

194 - 200

PcRnVqP

SH34A

106 - 112

PsTyVqP

E4F1

66 - 72

PqTnVvP

SH3R1

595 - 601

PtAaVtP

EYS

986 - 992

PcEaVnP

SPD2A

370 – 376

PeAgVaP

FMNL3

522 - 528

PvEaVaP

SPD2A

673 - 679

PlRkVsP

FIGN

237 - 243

PqTpVaP

SPT2

146 - 152

PsRpVkP

FUT11

421 - 427

PvEnVeP

SPT6H

1244 - 1250

PeErVkP

GTDC1

359 - 365

PkAlVyP

STB1B

464 - 470

PtRpVaP
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Table 5.2. Continued
GTPB3

272 – 278

PaAiVsP

TBC23

524 - 530

PyRgVkP

HXB6A

128 - 134

PsApVyP

TDRD5

520 - 526

PdAyVrP

HXB6B

125 - 131

PcTpVyP

TELO2

629 - 635

PiTaVtP

INS

51 - 57

PkRdVeP

TEN3

1464 - 1470

PvRiVaP

INT12

111 - 117

PgEgVeP

TEX10

130 - 136:

PsErVaP

ISPD

68 - 74

PvAaVlP

TRIO

2362 - 2368

PrAtVaP

KHDC4

355 - 361

PvApVaP

TRIO

2368 - 2374

PlAlVkP

392 - 398

PtApVpP

TTLL3

666 - 672

PhRlVlP

MCA3A

1434 - 1440

PrTpVsP

VWA8

1425 - 1431

PlAeVyP

MCA3B

1332 - 1338

PdRvVaP

WASH1

362 - 368

PsEvVqP

MED12

1740 - 1746

PlTpVpP

YTHD2

360 - 366

PtRwVpP

MED6

213 - 219

PvEtVkP

ZN219

331 - 337

PaEaVfP

MEG10

906 - 912

PqTeVlP

ZN503

77 - 83

PsTpVsP

MIO

507 - 513

PdTdVeP

ZNT6

424 - 430

PgRhVqP

MTMR2

217 - 223

PaTlVvP

In chapter 3, I confirmed Nlz2’s inhibitory activity on Pax2 gene expression during
eye morphogenetic stages in zebrafish. Nlz2 mRNA micro-injections decreased the
expression of pax2, limiting it to a very small region of the optic stalk. Interestingly, pax2
expression in the region of the midbrain-hindbrain boundary was not affected, indicating
that Nlz2 inhibition of Pax2 gene expression is eye-specific. Furthermore, I unraveled a
three-step molecular mechanism that controls fine-tuning of ocular pax2a. It involves the
inhibitory Nlz2 activity on the pax2a promoter, regulated by UPS targeting by Siah E3
ubiquitin ligases which are in turn expressed under control of the Shh signaling pathway.
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Figure 5. 1. Model of post-translational control on optic fissure closure.
In this model (Figure 5.1), pax2a expression is restricted to the optic stalk region
and any variations outside of the optimal levels can impair the optic fissure closure,
decrease or increase. This is corroborated in pax2a noi zebrafish mutant embryos as well
as upon pax2 misexpression via mRNA microinjections. In both cases embryos failed to
fuse the optic fissure. Additionally, Nlz2 overexpression by microinjection as well as Nlz2
knockdown184 also resulted in fissure fusion failure corelating with changes in pax2 levels
outside the optimum. Cell culture and co-immunoprecipitation data confirmed Siah’s
ability to polyubiquitinate Nlz2 and target proteasomal degradation. Moreover, siah
misregulation by microinjections of siah mRNA or the dominant negative siahDRING
changed Pax2 levels and blocked optic fissure closure, creating a colobomatous
phenotype.
To investigate what activates Siah expression during eye development, we
performed a series of pharmacological treatments to inhibit RA, BMP and Shh signaling
pathways. Our WISH and qPCR data confirmed that Shh signaling was responsible for the
regulation of Siah gene expression, since inhibition of BMP signaling, or activation of Shh
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signaling was capable of increasing Siah1 expression, combined with the fact that
inhibiting Shh signaling (by cyclopamine treatment) as well as smo^hi1640Tg mutant
embryos have decrease Siah1 expression. Thus, I proposed that Shh may indirectly
activate Siah expression in order to control Nlz2 stability in the fissure margins and
ultimately regulate precise Pax2 levels. Moreover, when optic fissure fusion is occurring,
Nlz2 is no longer expressed in the optic fissure and the levels of Pax2 are already
stabilized. Thus, rather than a simple transcription-based regulation, which can take time
and can drastically change gene expression, we proposed that the UPS system would be
involved to create a rapid and prolonged stabilization.
One of the biggest limitations of our study was the fact that Siah has many other
targets (Table 5.1) that are expressed in the eye during early development. It is reasonable
to think that Siah was potentially involved in other pathways concurrently to the one
involving Nlz2 or Pax2. Or even that some of these targets could act as co-effectors in this
pathway. However, since doing misexpression of Nlz2 and Pax2 rescued the effects of Siah
misexpression, I am confident that our model is very close to the biological process.
Nevertheless, future experiments could study the effects of additional Siah targets in this
morphogenetic stage of eye development. For example, targets such as, E4F transcription
factor 1 (E4F1) and the missing oocyte (MIO) have strong expression in early stages of eye
development611 and they could potentially be regulated by Siah. E4F1, for example, is a
transcription factor associated with regulation of pyruvate dehydrogenase activity612,
inhibitor of cellular proliferation613 and can act as an atypical ubiquitin E3 ligase to
regulate levels of p53 and control cell cycle612. Additionally, E4F1 mouse mutants develop
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severe developmental defects in early embryonic development with high lethality612.
MIO, in another hand, was studied in Drosophila where it was found to regulate nuclear
architecture and meiotic progression in early ovarian cysts, however, in vertebrates little
is known about its function. Thus, these targets are potential new avenues of study to
continue understanding Siah activity during early stages of eye development.
As previously stated, our general hypothesis was that Siah E3 ubiquitin ligase is
involved in multiple ocular developmental processes required for proper vertebrate eye
development. Having characterized Siah’s involvement in the modulation of the final
stage of the eye morphogenesis, the optic fissure closure, it was clear that it might
additionally be involved in the regulation of other aspects as well. Then, I sought to
investigate how Siah E3 ubiquitin ligases could be involved in the control of other aspects
of ocular development.
Upon completion of optic cup morphogenesis, siah1 and siah2l gene expression
becomes restricted to the regions of the ONL, INL and GCL. More specifically, in the ONL
siah expression was localized in two distinct parts of the photoreceptor cells, the
connecting cilium and the synaptic terminal. Combined with the fact that one of the
targets found in our proteomic analysis was a photoreceptor-specific cadherin called
Cdhr1a, which is known to be associated with development of cone-rod dystrophies, I
proposed a hypothesis that Siah is required for the regulation of Cdhr1a protein stability
in order to maintain photoreceptor cell differentiation and survival. This hypothesis was
tested in the fourth chapter of this dissertation, where I sought to investigate Siah E3
ubiquitin ligase function during vertebrate photoreceptor cell development. This study
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provides the first evidence that Cdhr1a plays a role during early photoreceptor
development and may be regulated by the UPS via Siah E3 ubiquitin ligase.
CDHR1 belongs to the cadherin superfamily of calcium-dependent cell adhesion
molecules and is exclusively expressed in photoreceptors of several species, including
humans. As previously mentioned, several studies had localized CDHR1 to connections
between immature discs at the base of the outer segment, in a region known as the
connecting cilium and the site of new disk assembly and release during development and
renewal of rod and cones outer segments. These groups hypothesized that CDHR1 was
necessary to stabilize and control the disc evagination process during photoreceptor cell
outer segment assembly and/or maintenance. In this case, CDHR1 would also be critical
during development, when the discs are being assembled, as well as in mature
photoreceptors to maintain proper disc renewal dynamics. Supporting this idea are
findings from mice mutant for CDHR1 which display shorter and disorganized
photoreceptor outer segments, followed by a progressive loss of photoreceptors (50%) in
the next 6 months of life. In addition, several human CDHR1 mutations were found in
patients with cone-rod dystrophies, a group of inherited retinal diseases that first affect
cone photoreceptors, then rod photoreceptors and in some cases both simultaneously. A
reasonable explanation for cdhr1 function in rods predicts that once maturation of newly
formed discs is completed, CDHR1 must lose contact with the disc in order for the disc to
be included in the outer segment. This would require a molecular machinery capable of
recycling CDHR1 out of the connecting cilium so new discs can be generated and bound
to the base of the outer segment by new CDHR1 molecules until the end of maturation
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and or recycling. Moreover, the lack of CDHR1 would impair the assembly and
maintenance of newly formed discs to the outer segment.
In this scenario, a post-translational modification performed by the UPS system
via Siah E3 ubiquitin ligase could potentially be the answer to this missing piece of the
molecular machinery involved in regulating outer segment assembly and therefore,
photoreceptor development. Thus, I hypothesized that Siah is required to regulate CDHR1
stability to ensure proper photoreceptor cell development.
In line with our hypothesis, our FWISH and IHC data confirmed Siah1, Siah2l and
Cdhr1a co-localization in the connecting cilium of rods and cones from 3 up to 7 dpf .This
observation that Siah and Cdhr1a are co-localized to the connecting cilium as soon as
photoreceptor cells are formed reinforces the notion that their interaction may be
important to photoreceptor biology. Furthermore, we also confirmed via cell culture and
co-IP experiments that Siah and Cdhr1a can physically interact and cdhr1a is targeted for
proteasomal degradation. Moreover, by mutating the Siah1 degron motif found in
Cdhr1a, we created a Siah-insensitive Cdhr1a version (Lma). Thus, this study so far
confirms my hypothesis that Siah is necessary to regulate Cdhr1a protein stability. Next, I
investigated the precise biological process of photoreceptor development that cdhr1a
regulates.
In order to examine the consequences of Siah1-mediated regulation of Chdr1a
stability during photoreceptor development I created Siah heat shock inducible zebrafish
transgenic lines to control the timing of Siah1 or dominant negative siah (Siah1DRING)
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overexpression. Siah1 overexpression prior to the first appearance of photoreceptor cells
in the retina caused a decrease in the number of rods and cones at 72 hpf, however it did
not significantly affect any other cell in the retina. Combined with decreased numbers of
photoreceptor cells, there was also an increase in cell death in retina. Treating heat
shocked embryos with proteasomal inhibitor MG132, inhibiting endogenous Siah activity
by Siah1DRING overexpression or injecting cdhr1a mRNA rescued the loss of rods and
cones as well as decreased the TUNEL-positive cells in the retina. Thus, these results
together strengthen our hypothesis that Siah is required to regulate CDHR1 stability to
ensure proper photoreceptor cell development. We proposed that, in the absence or
upon a decrease in the amount of Cdhr1a, photoreceptor cells will fail to survive due to
three potential CDHR1 essential functions.
First, I hypothesize that CDHR1 might be necessary for proper organization of
cytoskeletal elements at the base of newly forming outer segments (Figure 5.2). During
development, when the first discs are being made and the outer segment is beginning to
be assemble, absence of CDHR1 may lead to subsequent disorganization of cytoskeletal
elements which in turn may trigger apoptosis leading to a reduction in the number of
photoreceptor cells, as observed in our Siah-overexpression experiments (Figure 5.2).
Second, CDHR1 might also be critical to maintain proper interactions with components of
the extracellular matrix in order to contribute to photoreceptor precursor migration,
targeting or adhesion. If these interactions fail to occur during early photoreceptor
development, progenitors might be slated for apoptosis, by missing their proper target
location or failing to maintain proper adhesion (Figure 5.2). Lastly, as previously discussed
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CDHR1 is predicted to be responsible for controlling the inclusion of new discs into the
outer segment to ensure proper function of rods and cones. However, if that is the case,
it might also be responsible for regulating the inclusion of the very first discs, in which
failure could weaken the connection between the innermost outer segment disks and the
inner segment of the photoreceptor therefore blocking the formation of the outer
segment and leading to apoptosis of the maturing photoreceptor cell (Figure 5.2).
In all cases, a reduction in CDHR1 function would decrease the number of
photoreceptor cells in the ONL, by driving photoreceptor precursors into apoptosis before
they reach the ONL or by degenerating rods and cones already in the ONL due to absent
or improper cell-cell adhesion or outer segment malformations. All of these scenarios are
supported by results from our Siah overexpression experiments, which lead to a reduction
in Cdhr1a function, as well as a transcriptomic analysis recently performed showing
increasing levels of CDHR1 in photoreceptor progenitor cells608.
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Figure 5. 2. Proposed CDHR1 model of action.
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In conclusion, in this study we showed evidence that Siah is directly responsible
for regulating Cdhr1a proteasomal degradation via UPS in photoreceptor cells and, for
the first time that Cdhr1a likely plays a critical role during photoreceptor development,
maturation, and survival. As such, I feel these findings provide new avenues to study
Cdhr1a-associated cone-rod dystrophy as well as the role of UPS during photoreceptor
development and in retinal diseases.
Despite the clear role that CDHR1 is important during development, it is not
clear yet how the relationship between Siah and CDHR1 impacts post-developmental
processes in juvenile and adult zebrafish, such as the timely renewal of new discs in the
outer segment and as well as photoreceptor cell regeneration after injury. As previously
stated, during outer segment shedding/renewal, CDHR1 plays a critical role by
maintaining the newly formed discs attached to the inner segment until their final
maturation. However, once their maturation is finalized, these discs lose contact with the
inner segment and become completely included in the outer segment. It is possible and
plausible that Siah1 targets Cdhr1a for degradation to timely regulate the release of the
disks into the outer segment. To test this, future studies in juvenile and adult
photoreceptor cells will need to be performed to assess this possibility. Hopefully, our lab
contains these siah heat shock transgenic lines outcrossed to a rod degeneration
transgenic line, XOPS:mCFP614. In this line, the degeneration of rods provokes a
regenerative response, establishing a constant loop of degeneration/regeneration614,
which will allow a fast assessment of Siah’ role in retina regeneration in older zebrafish.
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Retinal degeneration is a heterogeneous group of untreatable diseases
characterized by progressive loss of photoreceptor cells and consequent major cause of
vision loss in developed countries615. Zebrafish are capable of remarkable neuronal
regeneration, including retinal photoreceptors, which makes them an excellent model to
develop regenerative therapies to treat photoreceptor degeneration616. In this scenario,
Siah-mediated CDHR1degradation is potentially an opening to investigate the connection
between the UPS system and inherited blindness disorders. It is also potential route to
study the mechanism involved in the proper rewiring and integration of these neuronal
cells, such as the photoreceptor cells, in the retinal neuronal circuit after the regeneration
and how it might differ from normal development. These experiments can strengthen our
understanding of the barriers to promote retinal regeneration in mammals and support
the development of therapies targeted to treat retinal degenerations.
Furthermore, data obtained for this dissertation further enables opportunities
to study multiple different aspect in retinal development as well other retinal diseases.
Studying UPS modulation of specific Siah targets listed in our zebrafish proteomic analysis
may be a powerful method to continue this work (Table 5.2). Targets such as, eyes shut
homolog (EYS) and myb like, Swirm and MPN domains 1 (Mysm1) have strong expression
in the retina during development611,617. EYS is predicted to be an extracellular matrix
protein essential for photoreceptor development and maintenance617,618. In zebrafish
eyes, a splice variant introduces a stop codon excluding completely the 3ʹ portion of the
RNA, indicating that the 5’ portion of the RNA is photoreceptor-specific617. Highlighting
its importance to development, zebrafish EYS knockout is lethal and human mutations in
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EYS have been found to be one of the major genetic cause of Retinitis Pigmentosa619,620.
Similarly, Mysm1 gene encodes a JAMM/MPN+ (Jab1/MPN domain metalloenzyme)
domain-containing zinc metalloprotease with deubiquitinating activity621. It works by
dissociating the ligation between the H1 histone and the nucleosome and it was
previously implicated in the development of diabetic retinopathy in a Taiwanese
population621. Additionally, another potential Siah target is the protein insulin which also
plays a role in the development of diabetic retinopathy. In the case of diabetic
retinopathy, the lack of insulin signaling, insulin resistance or chronic increase in glucose
levels activate downstream gene cascades generating oxidative stress and inflammation
causing a damage many tissues of the eye, including the cornea and the retina622.
Interestingly, the uptake of glucose in retinal cells is not insulin-dependent, it is the RPE
that is responsible for mediating the insulin singling via its insulin-receptor, and recently
demonstrated, regulation of photoreceptor function622. Besides its known metabolic
function, insulin is also responsible for GABA uptake in GABAergic neurons in the retina
in association with Na+,K+ ATPase during retinal chick development623. Despite the fact
that insulin receptors and proteins of the insulin cascade are expressed in the vasculature
and neurons of the retina624, their functions are not completely defined. Thus, Siah/UPSmediated regulation of the insulin protein might be a good strategy to study its functions
and how to create therapeutic approach to improve vision in patients with diabetes.
In conclusion, this dissertation provides a detailed examination of the
involvement of Siah E3 ubiquitin ligases in the regulation of two distinct aspect of eye
development: optic fissure closure and photoreceptor cell development (Figure 5.3). It
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provides a detailed expression of Siah1/2l in zebrafish during early ocular morphogenesis
as well as in retinal neurogenesis stages. Gain and loss-of-function experiments
demonstrated the specific role of Siah in targeting Nlz2 protein to proteasomal
degradation in the cells of the optic stalk, to fine-tuning in the precise pax2 expression
ensuring proper optic fissure fusion in response to Shh signaling (Figure 5.3).

Figure 5. 3. Proposed model for the function of Siah E3 ubiquitin ligase in regulating eye
development. Siah activity is required to maintain appropriated levels of Pax2 by
regulating Nlz2 protein stability thought proteasomal degradation. In this case Siah
activity is modulated by the action of the Shh signaling. In addition, Siah is also involved
in the stabilization of Cdhr1a protein to potentially promote cell adhesion and
cytoskeletal organization to control proper disc development and cell survival
Furthermore, this work provides evidence of Siah’s critical role in stabilizing
Cdhr1a protein in the photoreceptor progenitors and mature cells, potentially regulating
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proper cell-adhesion and cytoskeletal organization to maintain outer segment disc
development as well as photoreceptor cell survival (Figure 5.3). It also provides a potential
mechanism to study how different from normal development is the mechanism to reintegrate newly formed neuronal cells in the retinal neuronal circuit after the
regeneration, opening up new ways to understand the barriers that block retinal
regeneration in mammals to support the development of therapies targeted to treat
retinal degenerations. My work opens up new avenues of research to investigate the
genetic regulation of embryonic ocular development and provide additional ways to
investigate pathogenic mechanisms involved in many inherited blindness disorders.
Although there is currently limited data for the involvement of Siah in many human retinal
disorders, it is reasonable to think that Siah might be involved in many of them, since it
has so many potential targets involved in eye developmental pathways as well as in
specific disorders, such as Retinitis pigmentosa, cone-rod dystrophies and diabetes
retinopathy. Future studies will define specifically how Siah control these new targets and
what are their implication in the development of inherited retinal blindness diseases.
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APPENDIX 1. TEMPORAL CHARACTERIZATION OF OPTIC FISSURE BASEMENT MEMBRANE COMPOSITION
SUGGESTS NIDOGEN MAY BE AN INITIAL TARGET OF REMODELING
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APPENDIX 2. HYALOID
FUSION IN ZEBRAFISH

VASCULATURE AND MMP2 ACTIVITY PLAY A ROLE DURING OPTIC FISSURE
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